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This  represents  the  final  report  of  the  research  performed  for  the  Office  of  Naval 
Research  under  Grant  No.  ONR  N-00014-89-J-1787.  Although  this  report  is  to  cover  only  the 
period  from  4/1/89  to  12/31/91,  we  will  include  selected  items  from  the  previous  grant  No. 
ONR  N-0014-87-K-(X)65  in  order  to  provide  continuity  between  the  two.  By  all  measures  of 
performance,  this  research  project  has  been  an  enormous  success.  Over  ten  major  publications 
have  resulted  from  this  program.  Seven  of  these  publications  have  appeared  in  Physical  Review 
Letters.  This  project  has  supported  two  post  doctoral  students  and  three  graduate  students.  In 
addition,  it  has  contributed  to  the  scientific  and  professional  advancement  of  associate  professors, 
C.  S.  Feigerle  of  the  University  of  Tennessee  and  H.  P.  Saha  of  the  University  of  Central 
Floiida.  Two  student  have  completed  their  Ph.D.  dissertation  in  this  program  and  another  is 
scheduled  to  receive  his  in  the  summer  of  1992. 

This  program  has  helped  to  launch  the  scientific  careers  of  two  former  post  doctoral 
students.  Dr.  Thomas  J.  Kavale,  a  post  doctoral  student  from  the  University  of  Missouri,  was 
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responsible  for  the  studies  of  Be"  and  He^.  He  is  continuing  these  studies  at  the  University  of 
Toledo  where  he  has  been  very  successful  in  the  atomic  physics  community.  Tom  has  been  able 
to  support  his  program  through  DOE.  A  second  post  doctoral  student  from  Rice  University,  Dr. 
Howard  S.  Carman,  Jr.  was  involved  in  studies  of  high  power  laser  multiphoton  ionization 
spectroscopy.  His  studies  of  photoelectron  angular  distribution  (PADs)  for  cesium  was  the  first 
clear  demonstration  of  relativistic  effects  on  PADs.  Howard  is  now  a  permanent  employee  of 
the  Oak  Ridge  National  Laboratory.  Dr.  Adila  Dodhy,  a  former  graduate  student  from  Auburn 
University,  was  also  involved  in  high  power  laser  multiphoton  ionization  studies.  She  is  now 
employed  at  the  Max  Planck  Institute  in  Germany.  Dr.  Perry  Blazewicz,  a  graduate  student 
from  Yale  University,  completed  his  Ph.D.  dissertation  on  multiphoton  ionization  of  rare  gases 
under  the  ONR  support.  He  is  presently  a  chemistry  professor  at  the  University  of  Puget  Sound 
and  Pacific  Lutheran  College. 

The  research  performed  on  this  grant  is  adequately  described  in  the  appended  reprints. 
The  significance  of  this  program  is  underlined  by  the  large  number  of  Physical  Review  Letter 
articles,  publications  which  are  reserved  for  those  studies  of  significant  and  wide  spread 
scientific  interest.  We  will  summarize  most  of  these  below  pointing  out  only  the  most  significant 
results.  The  front  page  only  of  pertinent  publications  prior  to  1990  are  included  as  an  appendix. 
Experimental  and  Theoretical  Studies  of  He"  ^P*  and  Hej  (^Hg) 

Much  of  our  experimental  effort  has  been  devoted  to  understanding  the  structure  and 
dynamics  of  the  He"  ion.  Previously  we  had  observed  its  energy  level  [R.  N.  Compton,  G. 
D.  Alton,  and  D.  J.  Pegg,  J.  Phys.  B  1^,  L651  (1980)]  and  measured  its  auto-detachment 
lifetime. 

More  recently,  we  have  measured  partial  cross  sections  [D.  J.  Pegg,  J.  S.  Thompson, 
J.  Dellwo,  R.  N.  Compton,  and  G.  D.  Alton,  Phys.  Rev.  Lett.  M,  278  (1990)]  and  angular 
distributions  [J.  S.  Thompson,  D.  J.  Pegg,  R.,  N.  Compton,  and  G.  D.  Alton,  J.  Phy.  B  22,  L15 
(1990)]  for  the  photodetachment  of  electrons  from  the  metastable  He"  ‘‘P'  negative  ion. 

Our  studies  of  He"  “’P”  were  culminated  with  a  recent  theoretical  study  of  the 
photophysics  of  He"  '*P°  [H.,  P.  Saha  and  R.  N.  Compton,  Phy.  Rev.  Lett.,  M,  1510  (1990)]. 
In  this  study  the  multiconfiguration  Hartree-Fork  method  which  includes  the  effects  of  dynamical 
core  polarization  and  electron  correlation  was  used  to  calculate  the  photo-detachment  cioss 
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sections  and  asymmetry  parameter  (/?„  .)  for  both  the  2s  and  2p  electrons.  Excellent  agreement 
was  found  with  previously  measured  values  in  the  limited  range  of  the  experiment.  This  was 
a  tour  de  force  calculation  and  in  the  words  of  one  referee,  "will  become  a  classic." 

Shortly  after  learning  that  He^  ions  had  been  observed  at  Stanford  Research  Institute,  we 
immediately  began  studies  of  the  properties  of  this  new  and  unexpected  ion.  We  were  able  to 
employ  fast-beam  autodetachment  spectroscopy  studies  of  (30  -  65  KeV)  ion  beams  in  order 
to  measure  the  electron  affinity  of  He2  (a’E^).  We  found  that  Hej  (‘*11)  in  the  v  =  1  state 
autodeta*  hed  to  He^  (a^Eu)v=<,  +  e.  In  the  center  of  mass  frame  this  electron  energy  is 
exceedingly  small,  however,  using  the  kinematic  shift  of  the  fast  He2"  ion  beam  allowed  us  to 
accurately  measure  those  electrons  which  autodetach  in  the  forward  and  backward  direction  of 
the  center  of  mass  system.  In  order  to  complete  these  experiments,  it  was  necessary  to  measure 
the  autodetachment  energy  for  the  isotope  ’Hej  (^n)v=.i  as  well  as  ‘‘He^  (‘‘n)v=i.  Fortunately, 
the  ORNL  Physics  Division  had  a  tank  of ’He  left  over  from  the  war  years.  We  calculated  that 
in  order  to  replace  our  sample  with  a  commercial  source  would  have  cost  ~  10*  dollars.  From 
these  studies  we  obtained  an  electron  affinity  of  0.175  ±  0.032eV  for  the  ^He2  (a’EJ)  state  by 
comparison  of  the  ’He^  and  ^He^  spectra.  In  addition  to  vibrational  autodetachment  we  also 
observed  the  novel  autodetachment  of  into  the  He2  +  e  repulsive  continuum.  This 

last  observation  has  been  the  subject  of  numerous  recent  theoretical  calculations. 

As  a  result  of  the  above  studies  we  have  contributed  heavily  to  the  understanding  of  the 
properties  of  He"  (^P’)  and  He^  (‘‘H).  These  ions  are  of  theoretical  as  well  as  practical  interest. 
He"  (‘‘P”)  is  used  in  tandem  accelerators  throughout  the  world. 

Experimental  Studies  of  Be"  and  Ca"  (4s’4p)’P’ 

Previously  in  our  ONR  grant  we  reported  the  first  experimental  measurement  of  the 
energy  level  for  the  metastable  Be"  (ls’2s2pyp  state  at  2.53  ±  0.09eV.  Fast  beam 
autodetachment  spectroscopy  was  employed  in  which  collisional  detachment  was  used  to 
accurately  determine  the  electron  energy  scale  calibration  (T’.  J.  Kavale,  G.  D.  Alton,  R.  N. 
Compton,  D.  J.  Pegg,  and  J.  S.  Thompson,  Phy.  Rev.  Lett.  484  (1985)]. 

In  1987,  we  reported  the  first  experimental  evidence  for  a  stable  negative  ion  of  calcium 
[D.  J.  Pegg,  J.  S.  Thompson,  R.  N.  Compton,  and  G.  D.  Alton,  Phys.  Rev.  Lett.  52,  2267 
(1987)].  This  was  the  first  report  of  a  stable  negative  ion  for  a  group  11  A  element.  In  addition 
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we  employed  negative  ion  photoelectron  spectroscopy  to  determine  the  electron  affinity  of  Ca 
to  be  0.043  ±  0.007eV.  Many  theoretical  calculations  have  ensued  which  agree  with  this 
electron  affinity.  A  recent  experimental  value  (J.  R.  Peterson,  to  be  published)  places  the  EA 
somewhat  lower.  Both  experiments  agree  that  the  EA  is  positive.  This  research  was  cited  in 
numerous  popular  press  and  newspaper  articles. 

Laser  Multiphoton  Ionization  cf  Atoms 

In  addition  to  studies  of  la  ser  photodetachment  of  negative  ions,  this  research  has  been 
concerned  with  high  power  laser  multiphoton  ionization  photoelectron  spectroscopy  of  atoms. 
Below  we  will  briefly  describe  the  more  important  results  of  this  research. 

In  the  first  study,  Ms.  Adila  Dodhy’s  Ph.D.  thesis  (Auburn  University)  was  devoted  to 
multiphoton  ionization  photoelectron  angular  distributions  for  alkali  atoms.  In  particular, 
photoelectron  angular  distributions  were  measured  for  non-resonant  two-photon  ionization  of 
cesium  and  rubidium  atoms  just  above  the  ionization  threshold  [A.  Dodhy,  R.  N.  Compton,  and 
J.  A.  D.  Stockdale,  Phy.  Rev.  Lett.  54,  422  (1985)].  The  results  compared  favorably  with 
theoretical  estimates  based  upon  non-relativistic  atomic  wave  functions.  Other  papers  in  this 
general  area  were  published. 

The  Ph.D.  thesis  of  Dr.  P.  Blazewicz  (Yale  University)  reported  the  first  photoelectron 
angular  distributions  from  resonantly  enhanced  multiphoton  ionization  of  xenon  via  the  6s[3/2]? 
and  6s'[l/2]°  states  [P.  R.  Blazewicz,  X.  Tang,  R.  N.  Compton,  and  J.  A.  D.  Stockdale,  J.  Opt. 
Soc.  Am.  B4,  770  (1987)].  Again  theory  was  included  in  the  analysis. 

The  Ph.D.  thesis  of  Mr  L.  E.  Cuellar  (University  of  Tennessee)  will  include  MPI  studies 
of  alkali  atoms.  One  of  hii  studies  involved  the  first  measurements  of  photoelectron  angular 
distribution  for  ns  (n  -  8-12)  subshells  of  cesium  [L.  E.  Cudllar,  R.  N.  Compton,  H.  S. 
Carman,  Jr.,  and  C.  S.  Feigerle,  Pay.  Rev.  Lett.  M,  163  (1990)].  In  a  separate  study  Mr. 
Cuellar  reported  the  first  circular  dichroism  effect  in  photoelectron  angular  distributions  for  an 
atom  [L.  E.  Cudllar,  C,  S.  Feigerle,  H.  S.  Carman,  Jr.,  and  R.  N.  Compton,  Phy.  Rev.  A  45, 
6437  (1991)].  Both  of  these  studies  represent  the  very  first  measurements  in  the  field.  Other 
publications  are  being  prepared.  Mr.  Cuellar  expects  to  graduate  this  sjmmer. 

The  benefactors  of  the  ONR  grant  are  very  appreciative  of  the  unconditional  support  of 
Dr.  Bobby  Junker  and  Dr.  Peter  Reynolds  of  the  Office  of  Naval  Research.  We  feel  that  the 


success  of  our  research  is  partly  due  to  the  flexibilty,  interest  and  support  these  contract 
monitors  have  demonstrated  over  the  past  few  years.  In  addition  to  the  research  published, 
which  is  included  as  publications,  we  list  other  measures  of  success  below. 

Ph.  D.  Thesis 

Adila  Dodhy,  "Photoelectron  Angular  Distributions  for  Cesium,  Rubidium,  and 
Sodium  Atoms  using  Multiphoton  Ionization"  Auburn  University,  1987. 

Perry  Blazewicz,  "Multiphoton  Ionization  and  Third-Harmonic  Generation  in  Krypton 
and  Xeron"  Yale  University,  1988. 

Luis  Cudllar,  "Multiphoton  Ionization  of  Alkali  Atoms"  The  University  of  Tennessee, 
in  progress. 

Awards 

R.  N.  Compton,  J.  W.  Beams  Award  (1991)  for  studies  of  negative  ions  and 
multiphoton  ionization. 

C.  S.  Feigerle  (University  of  Tennessee,  Department  of  Chemistry)  received 
tenure  and  promotion  from  Assistant  to  Associated  Professor. 
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IMidlorlcrlroti  (’nrr|;y  and  aiiHulnr  diatriliuliona  are  reimricd  for  rcennaidly  eiilinnred  imilllphnloti  ionization 
(ItKMI'l)  lliroiii’li  (lie  Ihrco-iiholon-nllowrd  n.i(.'l/2||  and  (i.'('|l/2]|aloleanr xenon  at  lnxer-t>ower  denaitieaor'^IO"- 
!()'•  W/rm*.  lonizniion  from  tlireo-|dio(on  rcxonanco  with  (he  (i.x|3/2|J  alatc  (jivea  two  pinilorirctron  |)eaka  corre* 
x|>onding  to  lenvinf;  (lie  ion  in  rillirr  (hr  or  tho  H't/j  alale.  It  ia  found  lliot  the  two  groupa  of  pholoeleclrons 
Imvo  diatinctly  different  angnlnr  diatrilin(iona,  Cnicuintiona  indicate  that  ronfiguralion  mixing  in  the  6a  manifold 
is  important  in  dearriliing  the  <d)served  angular  diatriliutinna.  RRMI'I  via  the  rM'|l/2||  ainte  givea  one  main 
pliotoelectron  peak  reatdting  from  autoionization  to  the  ’/Vz  ainte  of  the  ion.  Two  additional  peaks  of  higher* 
energy  phottHdecIrona  are  aeen,  whieli  arc  due  to  the  ahaorption  of  on  addilional  photon  before  ionization.  Strong 
corc-rbanging  proeeaaes  are  evident  in  the  spectra. 


INTRODUCTION 

Mcnaiireiucnta  of  pholocleclron  angular  dialriliutions  re- 
aidting  from  mullipholon  ionization  (Ml’i)  of  ntoina  repre¬ 
sent  nn  active  area  of  research.'  When  combined  with  the¬ 
ory,  these  studies  provide  much  insight  into  the  dynamics  of 
the  ionization  process  and  the  wave  runclions  describing  the 
intcrincdinte  and  continuum  states.^ 

Previous  reports  by  Compton  c(  n/."  and  Miller  and 
Compton*  h.ive  given  the  pliotoelectron  energy  spectrum  for 
MPl  resonantly  enhanced  via  three-photon  resonance  with 
the  xenon  G.'i(3/2i:  state.  These  have  been  followed  by  mea¬ 
surements  liy  Kruit  el  al,’’  and  by  Sato  rt  a/."  of  the  angular 
distributions  for  the  photoelectrons  produced  in  this  |3  +  2) 
ionization. 

Here,  we  report  a  reinvestigation  of  these  MPi  photoelec- 
tron  angular  distributions  and  note  features  unseen  in  the 
previous  reports.  In  addition,  we  report  the  first  observa¬ 
tion  to  our  knowledge  of  photoelectron  energy  and  angular 
distribution  spectra  from  the  corresponding  MPi  resonantly 
enhanced  through  the  6.’!’ll/2lj  stale.  These  two  resonant 
ionization  processes  yield  different  pliotoelectron  angular 
distributions.  The  experimental  results  are  compared  with 
nuillichanncl-quantum-dcfcct  theory  (MQI)'i’)  calculations. 

EXPERIMENT 

A  schematic  diagram  of  the  experimental  apparatus  is 
sliown  in  Fig  1.  'I'lie  output  of  a  pulsed,  amplified  dye  laser 


(Quanto-Ray  PI)E-2)  pumped  by  a  Nd:YA()  loser  (Quanta- 
Ray  OCR)  has  its  polarization  purified  by  n  Ginn  air  prism 
and  is  focused  into  the  vacuum  chamber  with  a  50-  nr  38-mm 
focal-length  lens  to  a  power  density  of  ~10*-10"  W/cm*. 
'I'iie  laser  beam  crosses  xenon  atoms  introduced  into  llie 
vacuum  chamber  through  o  pulsed  nozzle  (I^sertechnics, 
inc.).  The  gas  jet  from  Hie  nozzle  is  perpendicular  to  the 
laser  beam  and  to  the  normal  to  the  entrance  face  of  the 
electrostatic  energy  analyzer.  The  analyzer  has  a  l2.7-cm 
iiiean  radius,  twice  the  size  of  those  previously  employed  in 
this  laboratory .'''*  I'his  larger  analyzer  allows  for  higher 
resolution  or  greater  throughput  of  electrons  at  a  given  reso¬ 
lution.  'Phe  analyzer  is  o|>eraled  in  the  fixed-pass  energy 
mode.  Photoelectrons  selected  by  the  analyzer  are  detected 
with  a  dual-niicrochannel  plate  detector,  and  the  signal  is 
preamplified,  averaged  with  a  boxcar  averager  (EU&G  PAR) 
and  recorded  on  an  x-y  plot  ter.  The  plane  of  polarization  of 
t  he  dye  laser  was  rotated  continuously  with  a  double  Fresnel 
rhomb  driven  by  a  stepping  motor  to  obtain  continuous 
angular  distributions.  MPI  of  xenon  is  studied  through  the 
Gs(3/2j^  stale  around  410.8  nm  using  the  dye  Coumarin  440 
and  through  the  6.s'll/2lj  stale  at  388.6  nni  using  the  dye 
1,D390. 

RESULTS  AND  DISCUSSION 

Figure  2  shows  the  energy  level  diagrams,  together  with  a 
global  picture  of  the  photoelcctron  energy  spectra  and  angu¬ 
lar  dislributimis,  for  re.sonantly  enhanced  multipholon  ion- 
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This  paper  is  a  review  of  some  of  our  recent  measurements  on  the  metastable  negtativc  ions.  Be'  and  Hef ,  using  the  technique  of 
fast-beam  autodetachmeni  spectroscopy 


1.  Introduction 

Negative  ior  s  are  of  con.siderable  current  interc.si  for 
both  theoretic  d  and  practical  rea.sons  We  have  devel¬ 
oped  an  expenmcntal  technique  -  fast-beam  autode-. 
tachtnent  spectroscopy  -  which  permits  us  to  investi-. 
gate  the  structure  of  metastable  negative  ions  These 
ions  are  formed  when  an  electron  attaches  itself  to  an 
atom  or  molecule  in  a  metastable  excited  state  to  form  a 
configuration  in  which  the  spins  of  all  the  active  elec¬ 
trons  arc  aligned  Such  spin-aligned  stales  are  melastn- 
blc  against  autodetachmeni  and  if  they  arc  the 
lowcst-lving  slate  of  a  given  muliiplicilv  they  arc  also 
mctaslabic  against  radiative  decav  Eventuallv.  such 
stales  relax  via  forbidden  autodetachmeni  processes  with 
lifetimes  lypicallv  -  10'*'  to  10  ■*  s  In  this  paper  we 
review  some  of  our  recent  mcasuiemcnts  on  metasiable 
Be  and  Hci~  ions|l,2| 

Tlic  source  of  the  mctaslabic  negative  ions  studied 
using  this  cxpcrimcnini  lechiiique  is  a  (nsl  moving  and 
unidirectional  beam  produced  by  charge  changing  a 
beam  of  momentum-selected  positive  ions  in  an  alkali 
vapor  cell  The  meiastablc  spin-aligned  state  is  formed 
following  the  sequential  capture  of  two  electrons  Tlie 
(Is2s2p)'r  slate  of  Hr  is  perhaps  the  most  familiar 
stale  of  this  type  In  addition  to  investigating  lie  l^P). 
we  have  successfully  produced  and  studied  analogou.-* 
doubly-excited  and  spin-aligned  stales  such  as  the 
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(ls^2s2p’)*P  [4]  slate  in  the  atomic  ion.  Be',  and  the 
(Is Oj  1  sOu  2s 2p n„  n ,  slate  in  the  molecular  ion,  Hef 
by  the  use  of  the  method  of  fast-beam  autodetachmeni 
spectroscopy. 

2.  Experimental  arrangement 

The  major  components  of  the  apparatus  ate  shown 
in  fig  1.  An  accelerator  is  used  to  produce  a  positive  ion 
beam  of  the  ilc.sired  kinetic  energy.  The  beam  energy  is 
chosen  to  efficiently  produce  negative  ions  by  a 
double-electron  capture  process  in  a  lithium  vapor 
ehargc-exchange  cell  through  which  the  positive  ion 
beam  is  passed  following  momentum  analysis.  The  dif¬ 
ferent  charge  state  components  in  the  beam  emerging 
from  the  charge  exchange  cell  arc  separated  eiectroslati-: 
calls  and  the  ncg.iiivc  ions  are  dcriccicd  by  10*  into  a 
beam  line  containing  a  gas  cell,  a  spherical  sector  elec¬ 
trostatic  energy  analvrer,  and  a  shielded  Faraday  cup 
The  spatial  separation  between  the  charge-exchange  cell 
and  the  electron  spectrometer  corresponded,  at  the  beam 
energies  u.scd  in  these  measurements,  to  a  lime  delav  of 
a  few  microseconds  between  the  production  of  the 
meia-siable  negative  ion  state  and  the  detection  of  elec¬ 
trons  from  the  autodeiaching  decay  of  'he  slate  Tliis 
arrangement  ensures  that  we  arc  studying  only  those 
states  that  arc  mctastable  against  both  autodei  'chment 
and  radiative  decav  The  gas  cell  is  used  to  produce, 
when  needed,  a  high-prcssurc  region  just  in  front  oi  die 
spectrometer  for  the  purpose  of  collisionally  Stripping 
electrons  from  the  negative  ion  beam  Tlie  electron 
signal  from  the  energy  analyzer  is  stored  in  a  CAMAC- 
based  multichannel  scalar  data  acquisition  system  Three 
pairs  of  muiuallv  perpendicular  Helmholtz  coils  are 
used  to  reduce  stray  magnetic  fields  in  the  vicinity  of 
the  electron  spectrometer 
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VVe  present  cxperinienlal  evidence  for  the  existence  of  a  stable  Ca  ~  ion  formed  in  the  b6und,4j^4p  ^P 
state.  This  result  represents  the  first  report  of  a  stable  negative  ion  for  a  group-II/4  element.  The  struc¬ 
ture  of  Ca~'  was  determined  by  means  of  photoelectron  detachment  spectroscopy.  The  electron  affinil/ 
of  Ca  was  measured  to  be  ().043  ±  0.007  cV.  which  is  in  good  agreement  with  a  recent  calculation. 

I'ACS  numbers:  32.80.1  6.  35.IO.Hn 


In  this  paiwr  wc  report  on  the  first  experimental  deter¬ 
mination  of  the  structure  of  the  Ca  “  ion.  Wc  show,  ris¬ 
ing  photoclcctron  detachment  spectroscopy,  that  this  ion 
is  stably  bound,  being  formed  in  the  4j^4/j  state.  This 
rc.sull  is  unexpected  since  in  the  pa.st  it  has  been  general¬ 
ly  believed  that  negative  ions  of  all  the  group-II/1  (alka¬ 
line  earths)  elements  are  unstable.'-^  The  2s^2p  ’P state 
in  Be",  for  example,  has  been  shown  to  lie  ■^O.S  cV 
above  the  ground  state  of  Similarly,  the 
state  in  Mg  ~  has  been  detected  as  a  shape  resonance  in 
the  electron-atom  clastic-scattering  cross  section  at 
«O.I5cV.5 

The  existence  of  the  Ca  ”  ion  has  been  known  for 
some  time.  Heinickc  el  al.,^  for  example,  extracted  this 
ion  from  a  cold-cathode  Penning-discharge  source  and, 
on  the  basis  of  time-of-flight  arguments,  estimated  a 
lower  limit  of  =  10  /is  on  its  lifetime.  The  ion  has  also 
been  produced  in  double  electron-capture  collisions  be¬ 
tween  Ca'''  ions  and  alkali-metal  vapors. Calculations 
such  as  those  of  Kurtz  and  Jordan,’  however,  failed  to 
predict  a  stable  state  for  the  Ca  “  ion  but  a  calculation 
by  Bunge  et  a/. did  predict  a  metastable  state,  the 
spin-aligned  4s4p^*P  state.  Earlier,  we  made  an  unsuc¬ 
cessful  search  for  the  electrons  that  should  have  served 
as  a  signature  of  the  autodetaching  decay  of  this  meta- 
stable  state.  We  were  successful,  however,  in  identifying 
the  2s2p^*P  state  at  the  lighter  group-II/1  element. 
Be'",  in  similar  experiments."  Subsequently,  it  was 
shown  by  Beck"  that  the  lifetimes  of  the  levels  associat¬ 
ed  with  this  metastable  state  in  Ca  “  were  reduced  to  the 
subnanosecond  range  by  the  strength  of  the  magnetic  in¬ 
teractions  that  drive  the  autodctachmcnt  process.  In  our 
case  the  time  delay  between  the  production  of  the  ions 
and  their  detection  was  a  few  microseconds.  It  thus  be¬ 
came  clear  that  metastable  states  such  as  the  4s4p^*P 
state  could  not  be  responsible  for  the  existence  of  the 
long-lived  Ca  “  ions  observed  in  this  experiment  and  ear¬ 
lier  by  Heinickc  et  al}  As  a  result  wc  were  led  to  con¬ 


clude  that  the  Ca  “  ion  was  probably  stable  despite  the 
lack  of  theoretical  evidence  at  that  time.  In  a  recent  cal¬ 
culation  involving  extensive  correlation  effects,  Froese 
I'Lschcr  and  co-workers"  predicted  that  the  4sHp^P 
state  in  the  Ca“  ion  is  bound  by  0.045  cV  with  respect 
to  the  ground  state  of  the  Ca  atom. 

The  present  pholodetachment  spectroscopy  measure¬ 
ments  were  made  with  the  crossed-beam  apparatus 
shown  schematically  in  Fig.  I.  The  overall  apparatus  is 
similar  to  that  used  in  our  earlier. autodeiachment  mea- 
.surements*’’'^'"  and. a  previous  photodetachment  cross- 
.section  measurement. "  A  beam  of  Ca  "  ions  was  pro¬ 
duced  by  our  passing  Ca '''  ions  in  the  energy  range  from 
60  to  80  keV  through  a  Li-vapor  charge-exchange  cell. 
A  study  of  the  production  of  Ca  “  ions  as  a  function  of 
beam  energy  and  Li  target  density  has  been  reported  by 
Alton  ei  al,*  Following  a  delay  of  a  few  microseconds, 
the  beam  leaving  the  charge-exchange  cell  was  charge- 
state  analyzed  and  the  negative  component  was  deflected 
through  10°  into  a  beam  lin^  containing  a  spherical- 
.sector  electron  energy  analyzer.  Just  prior  to  the  en¬ 
trance  of  this  analyzer  the  negative-ion  beam  was 
crossed  perpendicularly  with  a  photon  beam  from  a 
linear  flashlamp-pumpcd  pulsed  dye  laser  (Candela  Cor¬ 
poration  model  LFDL-8).  The  laser  was  operated  at  a 
repetition  rate  of  10  Hz  and  the  pulse  duration  was  2.2 
ps.  The  linear  polarization  vc'-’or  of  the  laser  beam  was 
aligned  along  the  ion  beam  axis.  The  bandwidth  of  the 
laser  was  2  A.  A  10-cm  focal-length  lens  was  used  to 
focus  the  laser  beam  onto  the  ion  beam.  The  lens  pro¬ 
duced  a  focal  diameter  of  about  0.2  mm.  The  maximum 
laser  power  used  in  the  experiment  was  «0.5  MW 
which  produced  a  power  density  of  =  10*  W/cm^  in  the 
interaction  region.  The  optical  or  ac  Stark  effect  on  a 
bound-continuum  transition  is  known  to  be  generally 
small  (except  for  possible  resonances  in  the  continuum) 
at  photoionization  thresholds.  Similarly,  at  photodctach- 
ment  thresholds  the  cross  sections  arc  small  and  any 
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Two  distinct  autodetachment  channels  arc  observed  in  the  electron  energy  spectra  of  Ifcj" 
formed  by  double  charge  cxciiangc  of  energetic  I Icj*  (30-65  keV)  in  Ijthiu.m  vapor.  A  single  nar¬ 
row  peak  has  a  ccntcr-of-mass  energy  of  11.5+2.6  meV,  and  is  attributed' to  vibrational  auibde- 
tachment  Ic.g.,  llej"(^n,)i.,|—  Ile2'’(rj  ^X^),-o  +  cl.  A  second  broad  pcak.has  a  center-or-mas.s 
energy  of  15,78  +0.13  eV  and  results  from  autodctachmcnt  of  Hcj“  into  the  lIcjfY  )  +  crepuh 
sivc  continuum.  An  electron  affinity  of  0.175  +0.032  cV  was  dctcrminctlTor  the  .state 

by  comparison  of  the  ’Mcj"  and  ■’llcj'  autodctachmcnt  spectra. 


I’ACS  mimlicfs:  .l.V,80.,  h.  J5,20.vr 


I  here  hits  been  considerable  recent  interest  in  meta- 
stable  negative  ions.  Atomic  negative  ions  such  as 
lie"  (see  Alton.  Compton,  and  Pegg'),  Be"  (.see  Bae 
and  Peterson^  and  Kvale  ci  al,^),  and  Li”  (.see  Brooks 
ctn/,  ')  hiivc  received  the  most  attention.  Particular  at¬ 
tention  has  been  devoted  to  theoretical  studies  of 
reshbach  rc.sonanccs  of  atomic  systems.'  Long-lived 
(r ''  H)  s)  polyalotnic  negative  ions  are  known  to 
o.xist  as  clcctronicnlly  or  mtclcar  e.xcitcd  I'O.slihach  res¬ 
onances'’  and  lifetimes  for  many  of  thc.se  .systems  have 
been  measured.  Althoitgh  a  few  metastable  diatomic 
negative  ions  arc  known  to  exist,  little  is  known  about 
the  energy  levels  and  autodetachtnent  lifetimes  of 
these  species.  One  notable  exception  is  the  study  of 
the  aittodetaehmcnt  of  C2"  by  Heftcr  ctaV 

In  this  note,  we  present  the  first  e.xperitnental  data 
on  the  stiucturc  of  llcj '  obtained  via  autodetachment 
spectro.scopy  of  a  fast  llc}"  negative-ion  beam.  Two 
very  distinct  autodctachmcnt  proce.sses  are  ob.servcd. 
one  involving  vibrational  autodetachment  and  a 
second  proce.ss  that  we  call  "c.xcimcr  autodctach¬ 
mcnt''  which  involves  detachment  into  the  Ile(*.V) 
-I- lle('.V)  I- (' continuum.  The  high  resolution  po,ssi- 
blc  in  the  ccntcr-of-mass  .system  for  most  light  species 
(<  10  meV),  along  with  the  ability  to  study  ultralow- 
■'iierey  electrons,  establishes  this  tcchniuuc  as  a  power¬ 
ful  method  ol  molecular  speettuseopy. 

Long-lived  mctastable  negative-ion  beams  of  Ilcj" 
have  recently  been  produced  by  Bae,  Coggiola,  and 
Peterson”  by  using  double  charge  exchange  of  1102'*^ 
ions  with  cesium  vapor.  The  electronic  structure  of 
lie-"  'vas  subsccpicntlv  investigated  by  Michels’  who 
lound  the  llc2 '  (’llp)(  l.s(r|l.s<r„2.vtrj,2/»Tr„)  state  to 
be  bound  relative  to  the  lowest  triplet  state 
lleiMu  'lu  )  by  0  233  cV  These  calculations  further 
show  that  the  1102”  ''ig'*'!  I.vfrgl.s(r„25frp2j(r„)  nega¬ 
tive-ion  state  is  unbound  relative  to  the  llcj'lu  ’S.*  1 


.state  for  internu.cicar  .separations  ^6  A.  For  internur 
ejear  separations  near  the  potential  minimum  ( ~  1 
A),  the  1162“  .state  track.s  sufficiently  closcJadhc. 
Hc2*(o^2,t)  state  that  it  was  not  possible  to  deter¬ 
mine  whether  this  state  is  stable.  More  extensive  cal¬ 
culations  on  this  potential  show  that  the  state  is 
unbound  at  all  intcrnucicar  .separations.'®  Bae,  Gog- 
giola,  and  Pctcr.son”  estimated  autodctachmcnt  rales 
for  ilc2”  and  ob.servcd  .some  ions  with  lifcliihcs 
exceeding  10"^  s  and  others  with  lifetimes  of  less  than 
10"^  s.  thc.se  authors  point  out  the  pp.ssibilily  of  de¬ 
cay  of  an  ensemble  of  mctastable- rovibronic  states  of 
HC2". 

Experimental  details  can  be. found  in  previous  publi: 
cations. Briefly,  a  He2'*'-ion  beam  .formed  in  a 
hollow-cathode  positive-ion  source  was  accelerated  lb 
30-65  keV  and  momentum  analyzed  by  a  90®  bending 
magnet.  The  Hc2’^-ion  beam  was  then  focu.scd 
through  a  lithium-vapor  charge-exchange  cell  located  3 
m  from  the  bending  magnet  and  x  m  from  the  elec¬ 
tron  spectrometer.  The  po.sitive,  negative,  and  neutral 
particies  emergent  from  the  lithium-vapor  cell  were 
electrostatically  separated  upon  entrance  into  the  e,\- 
perimental  chamber.  He2”  ions  passing  into  the 
chamber  were  deflected  by  10°  into  the  electron  spec¬ 
trometer.  The  electrostatic  charge-state  .separation  .sys¬ 
tem  was  afso  effective  in  eliminating  lower-energy 
ion-beam  fragments  which  could  be  produced  by  col- 
lisional  proccsse.s.  By  adjustment  of  the  deflector  po¬ 
tential,  a  lower-intensity  He”  (‘'/’°)  beam,  resulting 
from  the  breakup  of  lle2'‘'  in  collisions  with  lithium, 
was  al.so  ob.servcd.  The  aulodetachmeni  spectrum  for 
this  beam  was  identical  to  that  reported  for  He”  C'F®) 
previously'  and  was  u.scd  to  estimate  the  electron  ener¬ 
gy  resolution  of  the  spectrometer.  Electrons  ejected  in 
the  forward  and  backward  directions  from  the  motion 
of  the  ion  beam  were  energy  analyzed  by  a  160® 
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Pluiloclcciron  angular  disiribulions  have  been  measured* for  nonresonant  tworphoton-ionizalipii 
of  cesium  and  rubidium  atoms  jusl  above  (he  ionization -IhresHdid.  The  ,phol6clectron  energies 
ranged  from  25  to  100  mcV.  The  results  are  compared,  with  theoretical  estimates  based  on  rionrclfi-. 
tivistic  atomic  wave  functions.  Initial  results  are  al.so  presented  for  abdvcMhrcshbldiionizalibn  in 
cesium. 

I'ACS  numbers:  32.80, Fb,  32.80.Rm 


Multiplioton  ionization  (MPl)  of  atoms  promises 
new  insights  into  various  problems  of  atomic  structure 
and  dynamics.'"^  Perhaps  the  niosl  powerful  approach 
is  the  measurement  of  differential  cross  sections,^"'® 
where  Ihe  angular  disiribulions  of  Ihc  pholoejected 
electrons  provide  data  not  only  on  the  magnitudes  of 
the  transition  amplitudes  but  also  on  their  relative 
phases.  In  addition  to  providing  information  about  the 
scattering  phase,  thus  complementing  singlc-pHoton 
studies,'*  sueh  measurements  al.so  test  our  theoretical 
understanding  of  high-order  bound-free  transitions  in¬ 
volving  sums  over  virtual  intermediate  states.'^ 

Studies  of  photocicetron  angular  distributions  for 
alkali-metal  atoms  have  been  limited  to  cases  of 
resonantly  enhanced  MPP'*'*''°  or  higher-order  non¬ 
resonant  processes.’’ In  this  paper,  we  report  pho- 
tocleclron  angular  distributions  f^or  nonresonant  two- 
photon  ionization  of  cfs>om  and  rubidium  atoms 
where  the  photoejected  c  clron  has  an  energy  in  the 
range  —25-100  meV.  Figure  1  .shows  the  ionization 
scheme  for  both  alkali  metals.  The  first  photon  lies 
between  the  6p  and  Ip  states  for  cerium  and  between 
the  5/)  and  6p  states  for  rubidium. 

Our  measurements  are  novel  in  two  respects.  First, 
we  have  studied  photoelectron  angular  distributions  in 
a  region  very  close  to  the  ionization  threshold.  This  Is 
difficult  experimentally  because  of  the  very  low  energy 
of  the  photoelectrons  under  consideration.  Second, 
we  report  photoelectron  angular  distributions  for 
above-threshold  ionization  of  cesium  and  compare 
them  with  theoretical  predictions.  Such  processes 
have  been  observed  by  others  in  xenon'^"'*  and  cesi¬ 
um*’  but  only  in  higher  order  (order  5  in  cesium  and 
^  6  in  xenon). 

Details  of  the  experimental  apparatus  have  been 
described  recently***  in  conjunction  with  rc.sonanlly 
enhanced  MPI.  Briefly,  the  output  from  a  Nd:YAIG 


(yttrium  aluminum  garnet)  pumped  dye  laser  (Quanta 
Ray,  DCRrll,  PDL-I)  was  crossc.d  orthogonally  by  a 
thermal  alkali-metal  beam.  The  dye-laser  pulse  dura¬ 
tion  was  5  ns=  and  the  b.ihdwidlh  was  0.02‘  nm.  The 
laser  was  focused  to  a  power  density  of  10*  W/em’  by 
a  35-mm  lens.  The  power  density  was  an  order  of 
magnitude  greater  when  electrons  from  above- 
threshold  ionization  were  .studied.  The  plane  of  polari¬ 
zation  of  Ihc  laser  was  rotated  by  a  doiiblc-FrcsncI 
rhomb.  Photoelcctrons  emerging  perpendicular  to  the 
prdpagation  vector  of  the  laser  beam  and  within  ±>2® 
were  energy  analyzed  by  a  160°  .spheric, 'il-sector  elec¬ 
trostatic  energy  analyzer.  They  were  then  detected  by 
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FIG.  I.  Energy-level  diagram  showing  the  excitation 
.scheme  leading  to  ionization  for  nonresonant  two-photon 
ionization  of  (a)  cesium  atoms  and  (b)  rubidium  atoms. 
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Wc  report  the  first  experimental  measurements  for  the  energy  level  of  a  metastable  state  of  Bc^. 
The  ions  were  produced  in  sequential  charge-exchange  collisions  between  50-  to  60-keV  Be'*'  ions 
and  lithium  vapor.  The  ccntcr-of-mass  energy  of  autodetaching  electrons  was  found*  to  be 
2.53  ±0.09  eV,  This  result  is  in  good  agreement  with  previously  calciilaied  values  for  the 
Be"  ( l5^252/)*)V’-state  energy. 


I’ACS  numbers:  32.80.1)7..  .15. lO.lIn 

In  this  paper,  we  report  the  observation  of  a  peak  in 
the  Be"  aulodelachmeni  electron-energy  spectrum 
which  is  a  signature  of  the  decay  of  a  metastablc  beryl¬ 
lium  negative-ion  state.  These  measurements 
rcpre.sent  the  first  time  that  the  energy  level  of  a 
long-lived  metastablc  state  has  been  experimentally 
determined  for  negative  ions  of  the  group  llA 
(alkaline-earth)  elements.  In  fact,  limited  experimen¬ 
tal  information  is  available  on  the  structure  of  any 
mctastably  bound  atomic  negative  ion.  Nolablc  excep¬ 
tions  lo  ihis  include  llc“,  which  is  a  classic  example  of 
a  spin-aligned  metastablc  negative  ion  (.see,  c.g.,  Al¬ 
ton,  Compton,  and  Pegg');  resonance  studies  from 
electron-atom  scattering  experiments  (sec,  c.g..  Bur¬ 
row,  Michejda,  and  Comer’)',  and  Li",  in  which  pho¬ 
ton  emission  was  ob.scrvcd  between  high-lying  meta- 
stable  states  of  the  negative  ion  (see.  c.g.,  Brooks 
ei  «/.•’).  The  fundamental  nature  of  Be“  makes  it  of 
considerable  experimental  and  theoretical  interest.  As 
early  as  1966,  the  ion  was  reported'*'*  to  be  prc.sent  In 
mass  spectra  of  ions  emitted  from  direct-extraction 
negative-ion  sources.  Since  the  first  observation  of 
Be",  experimental  values  for  production  efficiencies* 
and  autodctachment  lifctimc.s’  have  been  reported.  In 
recent  measurements  on  the  autodetaching  decay  of 
Be" .  Bae  and  Peterson’  have  shown  that  the  ion  has  at 
least  two  distinct  lifetime  components  of  ~  10"^  and 
~  10"*  s. 

Most  theoretical  studies  indicate  that  Be"  is  meta- 
stable,”"'*  although  early  theoretical  calculations'^"'* 
suggest  that  Be"  ( ls’2s*‘3,v)’5is  bound  with  respect  to 
the  ground  state,  (ls’2s*)'S,  of  beryllium.  Recent 
Iheorctical  calculations  do  not  predict  the  existence  of 
a  stable  Be"  state  but  predict  the  existence  of  two 
states,  both  mctastable  against  autodetachment,  which 
lie  below  the  first  ionization  threshold  of  neutral 
beryllium— Be"  ( l5’2.r2/7’)‘'/’  which  is  bound  with 
respect  to  Bc{  ls’2j 2/7  )*/*'’,  and  Be"  (  1j’2/7*)‘'5'’ 
which  is  bound  with  respect  to  Be(l.T’2/7’)*A  The  ra- 
diativcly  allowed  '‘5''’-*  *P  transition  is  predicted  to  oc¬ 

m 


cur  at  either  263.8  nm  (Ref.  9),  267.  |  nm-XRef.  12)^ 
or  265.4  nm  (Ref.  10).  Radiation  from  this  transition 
was  searched  for  by  Andersen”  without  success.  A 
third  metastable  state,  Be" (Is2s2/7*j*5®i,  has  also 
been  predicted.^*'*  This  stale,  however,  liw  energeti¬ 
cally  outside  the  present  experimental  range  1>:  100 
eV  from  Be(ls’2.5’)'5).  Other  Be"  ion  states  have 
also  been  theoretic.-tlly  studied.  For  instance,  the 
Be"  (ls’2.r’2/7)’P  configuration  is  predicted'*  to  be  a 
shape  resonance;  however,  the  lifetime  of  this  slate  is 
too  short  lo  be  siiKlicd  with  the  prc.scnl  nppnrntti.s. 

Theoretical  calculations  of  the  structure  of  negative 
ions  are  particularly  difficult  since  the  electron  affini¬ 
ties  are  typically  of  the  same  magnitude  as  the  differ¬ 
ence  in  correlation  energies  between  the  atom  and  tori. 
Even  so,  most  of  the  present  information  concerning 
metastable  negative  ions,  other  than  Me",  has  been 
provided  by  theoretical  studies  of  open-shelf  excited- 
slate  negative-ion  configurations.  The  first  theoretical 
investigations  of  the  structure  and  binding  energies 
(electron  affinities)  for  the  group  lA  elements  Li", 
Na",  and  K"  and  the  group  l\A  elements  Be"  and 
Mg”  were  made  by  Weiss*  who  employed  variational- 
superposition  techniques.  The  Be"  ion  was  predicted 
to  be  bound  relative  to  the  neutral  atomic 
(ls’25  2/7)*P'  state  by  240  meV  with  the  most  likely 
configuration  postulated  to  be  Bq~ {\s^2s2p^)*P.  This 
configuration  is  mctastable  against  autodetachment 
by  spin-forbidden  transitions— analogous  to  the 
( \s2s2p)*P°  state  of  He" . 

Configuration-interaction  calculations  have  been 
employed  by  Bunge  et  al.^  in  a  search  for  possible 
bound  excited  negative-ion  state  configurations  for  the 
elements  hydrogen  through  calcium.  The  results  of 
these  investigations  indicate  the  existence  of  two  me¬ 
tastable  states  of  Be"— the  Be" (l5’2s2/7’)*F  which  is 
bound  relative  to  Be(  1 5*252/7)*/^  by  285  meV,  and 
Be"  (1s’2/7*)^5'’  which  is  bound  relative  to  the 
(1 5^2/7’)*/’ atomic  state  by  262  meV. 

The  fine  and  hyperfine  energy  separations,  as  well  as 
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Rcsonancc-eiilianccd  and  noiircsohatit  five-  and  six-photon  ionization  of  NO  was  studied  using 
angle  resolved  plioloclcclron  spectroscopy.  The  (3  J-  3)  rc-sonancc-eiilianccd  mulliplioton 
ionization  pholoclcctron  spcctruni  (REMl’I-I’ES)  of  NO  via  '  (v  =  0)  level  yielded  a 

distribution  of  electron  energies  corresponding  to  all  acces-siblc  vibrational  levels  (v  '  =  0-6) 
of  the  na.sccnt  ion.  The  observed  energy  distributions  .suggest  near  rc-sonant  enhancement  due 
to  vibrational  levels  of  the  D  ’S'  and  C  Ml  states  at  the  fourth  photon  level.  Angular 
distributions  of  photoclcctrons  corresponding  to  «  '  —  0  and  u  '  =  3  (lotatibnally  unresolved) 
were  significantly  dificrcnl,  perhaps  rcnccting  the.se  dillcrcnt  pathways,  The  (3  -1-  2)  REM.PI 
via  the  /I  ’2  '  (n  —  I )  level  produced  only  one  !ow-cncrgy  electron  peak  corrcspotiding  to 
o'  =1.  Nonresonant  MI’I  at  .*>32  nin  yielded  a  distribution  of  photoclcctron  energies 
corresponding  to  both  four-  and  live-photon  ionization.  Prominent  peaks  in  the  five-pfiotoir 
ionization  pholoelectron  spectrum  show  that  near  rc.sonant  enhancement  occurs  via  the /I  ’X  ' 
(n  ~  5),  the  C’II(u  =  2)  and  the  /2  ’2  '  (a  =  1)  .states  at  the  three-photon  level.  This  .study 
amply  demonstrates  the  utility  of  angle  rc.soivcd  MPl-PES  in  understanding  high-order 
mullipholon  ionization  procc.sscs.  Finally,  measurements  of  the  ratio  of.NO  '  ion  signal  for 
circular  and  linear  polarized  light  wheti  tuning  near  Ihc/f ’2  '  (u  =  0)  and/f  ’2  '  (u=  1) 
levels  arc  reported  and  compared  with  theory. 


INTRODUCTION 

Rcsonancc-cnhnnccd  multiphoton  ionization  photo- 
clcclron  spectroscopy  (REMI’I-PES)  has  become  an  estab¬ 
lished  tool  for  probing  the  pholoionization  dynamics  of 
atoms  and  molecules.'  ’  In  principle,  mcasurcmcnls  of  pho- 
loclcclron  angular  distributions  (PEADs)  ,ina  REMPI  pro- 
CC.SS  can  provide  information  about  both  the  dynamics  of  the 
bound-continuum  transition  and  the  alignment  of  an  opti¬ 
cally  picparcd  intermediate  state.'  To  dale,  MPI-PES  stud¬ 
ies  of  diatomic  molecules  have  included  only  a  half-dozen  or 
so  molecules  ( ,  N2 ,  Oj ,  CH,  CO,  NO,  Ij ,  Br, ,  and  Clj ). 
Of  these,  NO  has  received  the  major  attenlio))  due  to  its  tow 
ionization  potential  and  rich  electronic  structure.  MPI-PES 
studies  have  been  reported  for  approximately  sixteen  elec¬ 
tronically  excited  states  of  NO  (sec  Ref.  2). 

The  one-photon  ab.sorplioii  spectrum  of  NO  is  very 
complex  and  consists  ofintcn.se  Rydberg  .scries  and  long  vi¬ 
brational  progrc-ssions  of  valence  stales.  Jungen'  has  used 
such  spectra  to  show  that  the  single  ground  slate  valence 
electron  can  be  clo.scly  rcprc.scntcd  as  a  unitcil  atom  3d7r 
electron  with  a  small  Iptr  admixture.  Consequently,  the  in¬ 
tensities  of  one-photon  tip  and  nf  Rydberg  scries  arc  much 
larger  than  the  ns  and  nd  scries.  As  a  result  of  the  mixed 
character  of  the  ground  stale,  multipholon  transitions  to  up- 
|icr  Rydberg  slates  aic  allowed  for  all  even  or  odd  numbers 
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of.  photons.  The  pioneering  studies  of  Johnson  and  co- 
workers’  have  amply  illustrated  this  property  of  NO.  The 
A  ’2  *■  state  is  the  lowest  n>einbcr  of  the  Rydberg  scries  con¬ 
verging  to  the  ground  ionic  state,  and  numerous  RfiMPI- 
PES  .sjtudies  have  been  performed  for  the  case  of  { I  -t-  1 )  and 
(2  -t-  2)  REMPl-PES.  In  this  paper  we  report  the  first  study 
of  (3  -1-  3)  and  (3  2)  REMPI  via  the /I  ’2  '  .state. 

EXPERIMENTAL 

The  apparatus  and  experimental  techniques  have  been 
dc.scribcd  previously*  and  will  only  be  briefly  mentioned 
here  for  compIctcnc.ss.  The  laser  beams  u.scd  in  these  studies 
consisted  of:  ( 1 )  the  frequency-doubled  output  (532  nm)  of 
the  fundamental  (1.06  //)  of  a  Quanta  Ray  DCR  II 
Nd;YAG  o,scilIator  amplifier  and  (2)  the  tunable  Output 
from  a  Quanta-Ray  PDL-2  dye  laser  operating  with  LDS 
698  dye  for  /I  ’2  '  (u  =  0)  studies  and  DCM  for  A  ’2  ' 
(u  =  1 )  studies.  In  both  cases  the  la.scr  beam  was  focused  by 
a  50  mm  focal  length  lens  to  a  peak  power  density  of  ~  10" 
W/cm’.  The  beam  was  focused  into  a  pulsed,  supersonic  jet 
of  neat  NO  gas  directly  in  front  of  the  entrance  aperture  of  a 
7  cm  radius  spherical  sector  electrostatic  energy  analyzer 
operating  with  a  theoretical  resolution  of  ~0.02  eV.  How¬ 
ever,  due  to  space  charge  cfTccts  and  po.ssible  laser  power 
broadening,  thcrc.solution  is  ~0.15cV.  Although  the  actual 
electron  signal  was  low  in  thc.se  studies  compared  with  simi¬ 
lar  data  for  (I  I  I) or  (2  I  2),REMPI  vialhc/f ’2  '  state, 
the  relatively  poor  electron  energy  resolution  is  probably  re¬ 
flective  of  the  fact  that  most  of  the  signal  originates  during 
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I  lie  high  intensity  "spikes”‘kndwn  to  occur  (inring  tiie  jaseF 
pulse  (jiiriti  ion.  the  aciuahsigmil  wjis'.avjcragcd  over  ~‘U) 
laser  flashes.  In  ohier  to  observe  and'  rccofd  sio*!r.l,,  it  \vas 
iiniicrat.ive  to  operate  llic.Iascr  at  its  niaxiinuni  intensity.  It 
vviis  also  ncccssafy  to  maintain  frcsh  ciye  .solution  in  the  dye 
laser  in  order-  to  optimize  the  output. 

NO  '  ions  couki  also  be  ob.scrvcd  using  a  ~20cm:timc- 
of-llight  mass  spectrometer.  A  Tektronix  digital  o.sciljo- 
.scopc  was  u.scd  to  record  the  TOF  spectra.  Under  the  condi¬ 
tions  of  our  nozzle  expansion,  moderate  cooling  was  .g 
occurring.  This  proved  relatively  uliimportant  due  to  the  -S 
extreme  line  broadening  observed  in  the  wavcicngth-rc-  ^ 
solved  spectra  at  the  power  densities  employed.  w 

Studies  of  REMl’I  of  NO  comparing  circularly  polar-  ^ 
ized  light  with  linearly  polarized  light  were  carried  out  vusing  S 
a  Solcil-nabinct  compensator  to  obtain  the  desired  polarizii-  g 
tion.  For  the  angular  distribution  measurements,  a  double  “ 
Fresnel  rhomb  polarization  rotator  was  used. 

RESULTS  AND  DISCUSSION 

Multiphoton  ionization  photoelectron  spectroscopy 
using  linearly  polarized  light 

1‘igurc  1  depicts  the  various  four-,  live-;  and  six-photon 
ionization  processes  studied  in  this  work  along  with  some  of 
the  states  involved.  The  dependence  of  the  NO  '  signal  as  a 
fu..clion  of  wavelength  for  six  photon  ionization  of  NO  in 
the  region  where  three  photons  arc  in  near  resonance  with 
(he  /I 'S  '  (ii  =  0)  state  is  shown  at  various  laser  powers  in 
Fig.  2.  Even  at  the  lowest  powci,  the  spectra  show  no  rota- 
tionally  resolved  states  but  rather  a  broad  continuum  which 
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shifts  to  shorter  wavelength  as  the  laser  power  incrca.scs. 
Very  similar,  broad  spectra,  were  recorded  at  the  A  ' 
(w  =  1)  state. 

For  purposes  of  discussion,  the  generalized  A'-photon 
ionization  rale  can  be  written  using  the  lowest  order  lime- 
depcndcnl  perturbation  theory  as: 

=  (1) 


where  is  the  generalized  A^-photon  ionization  cro.ss  sec¬ 
tion  with  units  ofcm*'''.scc'^' and  fis  the  photon  flux  in  units 
of  photons  cm  s ' is  obtained  by  first  calculating  a 
summation  of  all  the  matrix  elements  coupling  the  ground 
state  to  the  continuum  over  all  of  the  possible  resonant  inter¬ 
mediate  slates  divided  by  the  detuning  of  the  N  photons  with 
each  energy  level.  This  complicated  sum  is  then  .squared  to 
obtain  In  addition,  the  ground  and  excited  state  energy 
levels  of  a  molecule  will  shift  in  the  pre.scnce  of  electromag¬ 
netic  radiation  as  a  result  of  the  ac  Stark  etfect.  In  general, 
the  shift  of  a  particular  level  k  depends  upen  the  energy  of  all 
other  levels  and  can  be  approximated  by  first-order  pertur¬ 
bation  theory  as 


'-z 


I,K  (Of^  —  (0/  (0  l/K  (Of^  —  0)i  —  (0 


(2) 


where  yu  is  the  component  of  the  Hamiltonian  coupling 
.stale  /  and  A.  ThcacSiaik  etrccl  coupled  with  possible  satu- 
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ration  circcis  at  the  llircc-pliolon  level  are  assumed  to  ac¬ 
count  for  the  broadening  and  shining  ofllie  RfiMl’I  spectra 
shown  in  Fig.  2.  TIic  many  pliotons  involved  in  tiic  present 
study  coupled  wilii  llic  resonance  involved  at  tlic  tlirce-pho- 
ton  level,  the  near  rc.sonanccs  at  the  four-  and  five-photon 
levels,  and  the  known  auloionization  structure  at  the  contin¬ 
uum  ,six-photon  level  makes  a  theoretical  analysis  of  this 
prolilem  jsolution  of  Fq.  ( I ),  stibjcct  to  Hr].  (2)  |  a  formida¬ 
ble  task.  Zakheim  and  Johnson^  u.sed  Fq.  ( I )  to  discuss  the 
pioblem  of  (2  -I-  2)  and  (3  -|  I )  REMIM  of  NO  where  one 
resonance  ,'ind  olhci'  near  resonances  were  involved.  They 
argued  that  this  treatment  predicts  that  for  both  process 
would  be  of  comparable  magnitudes  whereas  the  e.Npcrimcn- 
lally  ob.servcd  MI’I  signal  for  Ihe/t  'il  '  .  .V\r;  state  is  at  least 
two  orders  of  inagniinde  larger  than  any  three-photon  rc.so- 
naiiee.  'I’hey  concluded  Ihiil  "a  kinetic  ralee(|ualion  descrip¬ 
tion  provides  a  basic  framework  for  the  inlerpretalion  of 
mulliphoton  ionisation  spectra  initialed  by  a  pulsed,  multi- 
tnode  dye  la.scr." 

'rite  fact  that  the  ob.servcd  wavelength  spectra  a  re  broad 
and  rolalionally  unrc.solvcd  both  simplifies  and  complicates 
the  analysis  of  the  (lata  pi  c.scnicd.  Since  there  is  no  rotational 
sirucluie,  angular  distributions  were  only  iccordcd  over  the 
width  of  (he  broad  structure,  not  for  ditferent  rotational 
stales.  It  is  important  to  note  here  (hat  the  pholocicctron 
angular  distributions  and  the  measurements  of  linear  to  cir¬ 
cular  polaii/.cd  light  ratios  were '  ■ilativcly  insensitive  to  tun¬ 
ing  within  the  Stark  shifted  protne. 

Figure  .3  shows  a  icpicsentativc  photoclecttou  spectrum 
(I’FS)  obtained  for  (3  I-  3)  lUiMI’l  via  the  v  -  0  level  of 
the  A  ’i)  ‘  state  at  676.2  nm  (la.ser  power  ~  M  mJ).  The 
basic  oveiall  spectrum  did  not  change  when  tuning  toother 
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IT(i  .1  Miilliplioldii  ioni.'.ilioii  pluiliiciccitoii  vpa'louii  MI'I-I’H.S  of  NO 
wlirii  liiniiigllipla<<cral  676  2  mil  (ht  t'ig  2)  siicli  lliai  ||u-  (  w  •  (v^.O) 
level  is  neai  llic  lliiec  pliolon  e.’ieilaliiiii  icpioii.  I.ascr  power  is  ~  14  mJ/ 
pulse 


wavelengths  within  the  rc.sonancc,  although  the  peak 
heights  varied  and  :il  .some  wavelengths  v  '  =  2  and  4  apr 
peared. Ducio the Rydbcrgcharactcroflhe/l  '  state, the 
Franck-Condon  principle  predicts  that  direct  ionization  of 
the  i>  =  0  level  would  produce  only  the  u  '  =  0  level  of  the 
ion  with  observable  intensity.  Although  v'  =  0  is  the  slroii- 
gest  member  of  I  he. scries,  Ihcappcaranceofhighcri; '  levels 
of  NO  '  thus  suggests  the  contribution  of  addilidnal  ioniza¬ 
tion  mechanisms,  as  discu.sscd  previously  for  (2-1-2)  and 
.( 1  -I-  I )  processes. The  occurrence  of  ~0  cV  electrons  has 
been  discussed  by  many  aulhois  (,scc  Ref.  2)  for  ( 1  -|-  1 )  and 
(2-1-2)  REMI’I  and  has  been  a.scribcd  to  auloibnization 
and/or  Rydbcrg-vaicncc  mi,xing.  Such  slow  electrons  have 
been  observed  in  one-photon  ionization  ns  well."  In  the  pre¬ 
vious  studies  of  ( I  -I-  1 )  or  (2  I-  2)  REMFl  it  was  not  po.s.si- 
blc  to  .solely  implicate  slates  at  the  ihrcc-phqlon  level.  In  the 
prc.scntca.se,  the  four-photon  level  is  near  the  3ow  vibrational 
members  of  the  CMl  and  P  '2  '  statc.s,  and  ’.vccan  directly 
oKserve  their  influence  on  the  FES.  Clo.se  inspection  of  Fig.  1 
shows  that  the  fourth  photon  for  the  (3  -F  3)  procc.s.s  via  the 
A^X  '  (If '  —  0)  stale  is  in  near  resonance  with  the  n  =  3 
level  of  the  C. stale.  The  fourth  photon  is  also  in  near  reso¬ 
nance  with  then  =  7  level  oflhe/f  ^2  '  .stalcandi)  =  3of/2* 
2  '  stale.  Such  rc.sonancc,s  arc  expected  to  play  some  role  in 
the  occurrence  of  n  '  -  6  and  5.  Possible  mixing  at  the  fifth 
photon  level  might  complicate  the  dynamics  further.  Thus 
the  occurrence  of  if '  x=!  0  and  a '  =  3  arc  ascribed  to  near 
rc.sonancc.s  of  the  thirti  and  fourth  photon  with  the  A  ’2  ' 
(«  =  ())  and  CMl(itss  3)  levels,  respectively, 

Photocicciron  angultir  distributions,  PEADs,  were  de¬ 
termined  for  electrons  corresponding  to  a  '  =  0  and  3  and 
arc  shown  in  Fig.  4.  Figure  5  shows  a  typical  angular  distri¬ 
bution  measurement  (fora  '  =0)  illustrating  the  quality  of 
the  data  rcprc.scniing  measurements  ns  a  function  of  angle 
for  0  =  0  to  2rr.  Each  angular  distribution  measurement 
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0  sn  0  lo  hr  took  about  5  min.  The  .signal  .slowly  falls  olT ns  a 
resuK  of  degradation  of  the  laser  dye.  The  point  by  point  data 
shown  in  Pig.  4  represents  theaverngcof  many  such  distribu¬ 
tions.  The  angular  distributions  shown  in  Pig.  4. were  fit  us¬ 
ing  a  least-squares  procedure,  lo  a  Legendre  polynomial  ex¬ 
pansion 

/(t?)=  f  a„/>„(cos<?).  (3) 

A  -  0 

where  N  is  the  order  of  the  ionization  process.  It  was  found 
liial  inclusion  of  terms  up  lo  (cos  0)  were  nccc,ssary  lo  fit 
the  data; 

o'  =0: 

/(f?)-  I  -1-  1.23(  I  )Pj  -1-0.16(2)/’4  -1- 0.22(3)/’,,  (4) 

a '  =  3: 

/(/))  =  I  -I-  1.07(I)/’j-0.34(1)/’4-1.0.I3(I)/’,,  (5) 

where  uncertainties  of  the  fit  arc  shown  in  parentheses.  This 
contrasts  with  recent  ( I  -I-  1  ).1’EAD  measurements  via  the 
/I ’S  '  (a  =  0)  level  for  which  the  data  were  fit  by  including 
only  the  term.'’  Earlier  measurements  of  the  (2  -t-  2)  an¬ 
gular  distribution  did  require  terms  of  order  /*.,  and  In 
the  present  cxpcrimcni.s,  terms  up  lo  order  12  are  possible 
allhough  only  terms  up  lo  P,,  were  ncce.s.sary.  The  most  dra¬ 
matic  difiercncc  between  the  distributions  in  Fig.  4  is  the 
sign  of  the  P4  coelTicicnts.  Purlhcr  theoretical  investigation 
is  nccc.ssary  to  determine  if  this  difiercncc  might  lead  to  a 
belter  understanding  of  the  ionization  nicchani.sms  involved. 
Out  data  indicate  that  one  (a  '  =  0)  is  a  (3  |  3)  REMl’I 
procc.ss  .'iiul  the  other  (a  '  —  3)  is  a  (4  |  2)  REMl’I  pio- 
ccss. 

The  (3  f  2)  REMlMofthc/f  '2  '  (a  =  1 )  level  at  644. 1 
nm  pioduccd  only  one  election  peak  coi responding  to  a  ' 
I,  iiulkniing  diiccl  ionizalion.  In  Ihis  ease  the  fifth  pho¬ 


ton  is  only  sligmly  above  (lie  a  ''  —  Mhrc.sli6Rr,  and  chhh- 
ncls  lending  lo  higher  vibrntionnl  jcvcis  of  the  ion  arc  jiot 
ncccssibie.  In  order  lo  fit  llie  READ,  it  was  nccc.ssary  to 
include  terms  up  lo  /’.,  (cos  0); 

/((?)*- I  I  1.54(2)/V|.  0.32(2)/’.,.  (6)  > 

'  Figure  6  shows.lhe  measured  I’EAD  along  with  a  fit  lo  only 
Pj  (cos  6!).tcrm.s  (dashed  line).  The  solid  line  is  (he  fit  of  Eq. 
(6).  Unlike  the  ease  of  (3  -I-  3)  via  the /I  ’X  ' ,  the  PEADs 
arc  almost  represented  by  a  simple  cos’  6  distribution. 

We  have  also  recorded  a  nonrcsqnnnt  MPI-PES  spec¬ 
trum  of  NO  using  the  second  harmonic  of  the  NdiYAO  la¬ 
ser.  In  addition  to  studying  the  basic  procc.s,scs  involved,  it, 
was  felt  that  such  a  sped  rum  would  be  useful  as  a  calibration 
spectrum  for  future  MI’I  studies.  Figure  7  shows  the  PES 
resulting  from  "nonresonant’’  MPl  at  532  nm.  Wc.use  the 
term  nonrc,sonaht  in  quotations  because  the  PES  rcllccts 
near  resonant  contributions  of  upper  states.  Four  photons 
are  sufficient  to  ionize  NO  at  this  wavelength  (0.06  cV  above 
the  o  '"  =0  thrc.shold,  .see  Fig.  1),  and  a  very  intcn.se  low 
energy  electron  peak  is  .seen  in  the  PES.  In  addition,  .several 
weaker  peaks  are  observed  at  energies  consistent  with  ab¬ 
sorption  of  five  photons,  leaving  the  ion  predominantly  in 
the  u  ‘  =1,2,  and  5  vibrational  levels.  We  note  in  Fig.  I  that 
the  third  photon  energy  is  within  ~  800  cm  of  the /I  ’2  ' 

(n  =  5)  C  ’7r(u  =  2)  and  /)  ’2  (n  =  1 )  levels  of  NO.  The 
MPI-PES  clearly  shows  the  importance  of  these  resonances 
in  the  overall  ionization  mcchanisni. 

Multlphoton  ionization  using  both  linearly  and  circularly 
polarized  light 

A  Solcil-nabincI  compensator  was  used  lo  continuously 
change  the  polaiizalion  of  the  laser  beam  from  linearly  lo 
clliptically  lo  circularly  polarized  light.  The  purity  of  the 
circularly  iiolarized  light  was  determined  lo  be  greater  than 
98%  (dificrence  in  the  major  to  minor  axis  was  le.ss  than 
2%).  riie  ctTccts  lo  be  rcpoilcd  here  arc  too  large,  and  the 
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ciTor  biir.s  .significantly  great  that  .such  unccrlaintics  in  po¬ 
larization  arc  of  no  consequence  in  the  nicasurcincnts. 

For  the  ease  of  (3  -1-  J)  REMl’I  via  the  /i  '  (v  =  0) 
.slate,  the  ratio  of  NO  '  ion  .signal  for  circular  light  to  linear 
light  iOf/(T,  )  wa.s  (Iclcrniiuccl  to  be  0.34  -J;0.l.  'I'hi.s  inca- 
suicincnt  wasdetermined  at /I  =  676.16ninat  a  power  of  14 
niJ/pul.sc  (.see  Fig.  2).  However,  no  delectable  dincrcncc 
was  obtained  at  other  power  levels  or  wavelengths  within  the 
ac  Stark  shifted  levels. 

The  ratio  of  signal  for  circularly  polarized  light  to  lin¬ 
early  polarized  light  for  (3  -I-  2)  REMl’I  via  the  A  ’2  ' 
(n  —  1 )  stale  was  delcrinincd  to  be  0. 1 1  ±  0.05.  Thus,  the 
raliorr,  Ar,  for  the  (3  -I-  3)  REMl’I  via  then  =  0  level  of  the 
A  slate  is  approximately  three  times  larger  than  that  from  the 
(3  -I-  2)  PIOCC.S.S  via  the  v  =  1  level.  More  interestingly,  a^/ 
(T,_  for  both  eases  is  considerably  Ic.ss  than  one. 

Lowest-order  pcriurbalion  theory  has  beerr  employed  to 
examirre  the  question  of  the  ratio  (.(T,./<r,  )  for  low  order  N 
and  low  power  laser  MI’l.  (See,  c.g.,  Ref.  11.)  In  these  stud¬ 
ies  the  rnaximunr  values  obtained  for  A'  -  3  was  5/2  and  for 
N  -  2  was  3/2.  Klarsfeld  and  Maquet''  obtained  a  general 
prediction  for  A'-pholon  ionizaliorr  at  low  order; 


d,  /o,  < 


{2N  -  1)!! 

A'! 


(7) 


Fqualion  (7)  reduces  to  3/2  for  /V  =  2  artd  5/2  for  N  =  3. 
These  results  have  been  obtained  from  lowest  onlcr  pcriur¬ 
balion  llreory  (trrd  :rrc  only  appropriate  ftrr  low  laser  irrterrsi- 
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tics  and/or  large  detunings  from  resonance.  There  arc  a 
number  of  eases  wher  e  (7,/<z,_  have  been  measured  for  low 
order(Af<3)  MPI  for  atoms.Thedilltculties  in  treating  the 
case  of  two-photon  ionization  of  cesium  atoms  viaaqiiadt'u- 
pole  transition  at  various  laser  powers  has  been  treated  re¬ 
cently  both  theoretically  and  experimentally'’  and  illus¬ 
trates  the  corttplcxitics  involved.  Further  examples  arc  also 
provided  in  Ref.  13. 

We  note  that  for  low  values  of  N,  o,.  is  greater  than  a,_. 
This  reprcserrls  the  fact  that  for  low  order  the  transition  into 
thecontimrrrm  for  lirtcarly  polarized  light  can  have  two  pos- 
.sible  contributions  A/ =  .-fc  1  which  under  proper  conditions 
may  interfere  with  one  another,  making  cr,.  (where  A/ can  be 
only  -f-  1  or  -  I)  larger  than  o,..  This  prcsuppo.ses  that  the 
pathway  via  the  N  ~  1  levels  arc  equivalent.  For  higlicr  or¬ 
der  (larger  N)  this  will  no  longer  be  the  ease. 

Reiss''*  has  shown  that  previous'^  calculations  for 
<7,/fr,,  for  low  order  arc  misleading.  Specifically,  for  MI’l 
beginning  with  an  5  state  (c.g.,  alkali)  the  number  of  final 
states  possible  for  circularly  polarized  light  is  equal  to  /, 
while  for  linearly  polarized  light  there  arc  lj,N  -t-  1  final  states 
if  N  is  evan  and  (( A'  -t-  I )  if  A’  is  odd.  In  .some  ca.scs  N  =  / 
may  be  the  least  important  of  the  many  allowed  states  in  the 
linearly  polarization  ca.se.  Thus,  a,,  will  more  likely  be  larger 
than  (Tf  for  large  N.  In  addition,  even  for  low  N,  Dixit'*  has 
shown  that  because  of  the  ac  Stark  cITcct  at  strong  driving 
fields  the  maximum  value  of  cr^/ai^  can  be  much  larger  than 
{2N  -  1  )II//V !  near  allowed  resonances.  As  an  example,  for 
(2  -1  1 )  RBMl’I  via  the  9/2 state  in  cesium,  Dixit  found  ihat 
(Tf/cT/^  approaches  50  near  resonance.'* 

An  actual  calculation  of  the  ratio  of  cr,.Ar,,  to  fit  a  given 
experiment  is  a  complicated  and  dilficult  task  rccpiiring 
knowledge  of  the  laser  intensity,  pidsc  duration,  etc.  Even 
for  low  order  the  dilTicultics  arc  formidable  (see  Ref.  13) 
and  outside  the  scope  of  this  paper.  It  is  instructive,  however, 
to  compare  our  rc.sulls  with  the  prediction  of  Reiss'''  of  the 
upper  bound  I'oi  fz,  Az,  for  large  order, /V.  He  showed''*  that 
an  upper  boumi  on  0^/0,,  can  be  approximated  as 


(8) 


where  the  A 's  represent  integrals  over  the  angular  function 
involving  Clcbsch-Gordon  coefficients  and  the  R 's  repre¬ 
sent  integrals  over  the  initial-  and  final-state  radial  wave 
functions.  A  simplifying  reduction  of  these  integrals  for 
large  //can  be  written'  ' 


_  (A'-l-  1)(A'-H)!  16 

a,.  “  (2A'-t-l)!!  eH2N \n) 


(9) 


For  A'  =  6,  Ec|.  (9)  gives  a,  /a,_  =  0.(X)8;  for  A'  =  5,  o^/a,. 
=!0.131.  Although  the  result  for/V  =  5  agrees  with  our  mea¬ 
surements  for  (3  b  2)  REMl’I  via  thc/f  ^2  '  (u  =  1 )  .slate, 
the  experimental  rc.sult  for  (3  (  3)  REMl’I  via  the  A  ^2  ' 
(u  =  1 )  state  is  a  facloi  of  40  larger  than  the  upper  limit 
provided  by  E(|.  (5).  Thus,  it  is  clear  Ihat  more  high-order 
MI’l  studies,  both  cxpei  imenlal  and  thcorelical,  for  this  and 
other  (perhaps  simpler )  systems  are  needed.  Our  studies  do, 
however,  suppor  t  the  rrotiorr  that  a,  will  be  .smaller  than  a, 
for  highorrier  MI’l  processes  as  a  result  of  the  higher  density 
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of.nllowcci  stales  available  for  linearly  polarized  light  in  cohi- 
-  parisoiiwilii  circularly  polarized  light.  More  detailed  studies 
will  provide  a  tool  for  the  analysis  of  higher  order  MPI  as  it 
has  for  low  order.  Compari.son  of  pholoelcclron  spectra  for 
»  circular  and  linear  polarized  light  may  also  afford  further 
insight  into  the  participation  and  nature  of  near  rc.sonanccs 
in  MI’I.  In  the  prc.scnl  case,  the  low  signals  observed  for 
circularly  polarized  light  would  not  allow  for  measurement 
of  i)holoclcclron  spectra  of  high  enough  quality  in  order  to 
make  svicli  comparisons. 

CONCLUSION 

Wo  have  picscnlcd  the  first  measurements  of  angle  re- 
.solvcd  photoclcctron  spectra  for  high  order  mulliphoton 
ionization  of  a  molecule  (NO).  The  results  clearly  show  the 
importance  of  rc.sonanl  and  near  re.sonani  enhancement  in 
determining  the  overall  mulliphoton  ionization  procc.sscs  in- 
voivcd.  In  addition,  measurements  of  the  ratio  for  circular  to 
linear  polarized  light  are  reported  and  compared  with  exist¬ 
ing  Iheorelieal  nolion.s. 

ACKNOWLEDGMENTS 

Rescareh  sponsored  by  the  Oflice  of  Health  and  Envir¬ 
onmental  lle.scaich,  U.S.  Department  of  Energy  under  Con¬ 


tract  N6rE)E-ACO5-84()R21400  with  Martin  Marietta-Eh? 
ergy  Systems,  Inc.  IT.  S.  C.,  Jf.;ackhowIcdgc.s;support  froiir 
the  U.S.  Office  ofNavarRe.scarch  Grant'Nq.  ONR39.1-07  j; 

'K.  Kimiir.i,  Adv.  Cliciii.  I’liy.'i.  fit).  Ifil  (1985). 

•  R.  N.  Compton  amt  J.  C.  Miller,  in  Laser  Applicqlioiix  in  Physical  Chemis¬ 
try,  edited  by  1).  K  Uvaiis  (M.irecl  Dekker,  New  York,  in  pre.«). 

'S.  N.  Dixit  and  I’.  I.ambropoido.':,  I’liy.s.  Rev.  A  27,  861  (198.1):  S.  N, 
Dixit,  D,  L.  I.ynelt,  and  V.  McKoy,  in  MuUiphom  /’/rtcmct,  edited  by  I’. 
Lanibropoiilos  and  S.  J.  Sniitli  (.Springer,  New  York,  1984);  S.  N.  Dixit 
and  V.  McKoy.  J.  Clicin.  I'liys.  82. 1546  ( 1985). 

'Cli.  Jungen,  J.  Clieni.  I’liys,  51.  4168  (1970). 

'D.  Znklicini  and  I’.  Jolnison,  J.  t’liein.  I’liy.s.  68, 1644  ( 1978). 

R.  Dlaxcwicz,  X.  Tang,  It.  N.  Compton,  and  J.A.D.  Stockdalc,  J.  Opt. 
Soc.  Am.  4.  770  (1987), 

’J.  C.  Miller  and  R.  N.  Compton.  J.  Chem.  I'liy.s.  75,  22  ( 1981 );  84,  675 
(1985). 

"G.  Cnpr.iec,  J.  Dclwielic,  I’,  Natalis,  aiul  J.  I:.  Collin,  Clicm.  I’liys.  13, 41 
(1976). 

"J.  R.  Appling,  M,  G  White,  W  J,  Kessler,  R.  I'ernnndcz,  and  R,  D.  folia- 
kotr,  J.  Chein.  Pliys.  88,  2.1fX)  ( 1988). 

'"M. G.  White,  W.  A.  Chiipka,  M.  .Seaver,  A.  Woodward,  and  S.  D.  Colson, 
J.  Chcin.  fhy.s,  80.  678  ( 1984). 

"P.  Lanibropoiilos.  Phys.  Rev.  I.cll.  28,  585  (1972);  J.  Pliys.  t)  6, 1,119 
(1971). 

'■S.  Klarsfcld  and  A.  Mmiiicl,  I’liys,  Rev.  I.ett.  29,  79  ( 1972). 

"A.  Lyr.as,  I).  Dai.  ’I'aiig,  P.  Laiiibropoiilns,  A.  Dodhy,  J.  A.  D.  Stock- 
dale,  D,  Zei.  and  It.  N  Compton,  Pliys.  Rev.  Lett.  37, 403  ( 1988). 

"H.  R  Reiss.  Phys,  Rev.  Lett.  29.  1 129  (  1972). 

”5.  N.  Dixit,  J.  Phys.  II  14. 1,681  (  1981 ). 


J.  I’hys.  I):  At.  Moi.  Opt.  Pliys.  23  (1990)  LI5-LI9.  Pririlcd.iri  the  UK 


LETTER  TO  THE  EDITOR 


Angular  distributions  of  electrons  from  the  photodetachnieht  of 
inetastable  He" 

J  S  Tliompsont,  D  J  PeggtS,  R  N  Comptont||  anci  G  D  Allont 

1  Department  of  Physics,  University  of  Tennessee  Knoxville,  TN  37996,  USA 
t  Oak  Ridge  National  Laboratory,  Oak  Ridge,  TN  37831,  USA 


Received  22  September  1989 


Abstract.  P.nergy-  and  angle-resolved  plintoclectron  spectroscopy  has  been  used  to  investi¬ 
gate  the  spectral  rlependences  of  the  angular  dlstrihnlinns  of  electrons  photodctached  from 
a  beam  of  inetastable  .  He"  ions. 


Wc  report  on  the  (ir.st  mcii.siircmcnl.s  of  the  tingttitir  (ti.siribulions  oficlcctroiv!  ejected 
ill  the  pliotodetaclinient  of  He”  ions  formed  in  the  meta.stable  {I.s2s2p)'’p  state.  In  the 
spectral  range  of  the  present  cxpcrimcnl,  1.775^  2.456  eV,  photodctachmcnt  into 

either  the  He(ls2s  'S)  +  c  or  the  Hc(Is2p  ’P)H  c"  contimiii  is  nijowed.  Thresholds  for 
tlic.se  procc.sscs  lie  at  0.0755  eV  and  1.222  eV,  respectively.  These  competing  exit 
channels  arc  resolved  in  the  present  electron  spectroscopic  measurements.  Spin- 
dependent  interactions  for  a  light  ion  such  ns  Me'  arc  expected  to  have  a  negligible 
clicct  on  the  shape  of  the  cmi.ssion  pattcrn.s.  However,  with  the  exception  of  H",  the 
He'  ion  represents  the  simplest  system  for  probing  the  ctTccts  of  correlation  on  electron 
cmi.ssion  following  photodctachmcnt. 

The  apparatus  used  in  the  pre.scnt  photocicetron  spectroscopic  measurements  has 
been  described  in  detail  by  Pegg  el  al  (1987).  It  consi.sts  of  a  fast  beam  of  He"  ions 
that  is  crossed  perpendicularly  by  a  beam  of  linearly  polarised  light  from  a  pulsed  dye 
laser.  The  tenuous  He '  ion  beam  is  produced  by  sequential  double  charge  transfer 
when  a  momentum-analysed  beam  of  He^  ions  is  passed  through  a  Li  vapour  cell. 
Alignment  of  the  Hc-C'P)  state  in  its  production  by  sequential  double  charge  transfer 
is  expected  to  be  small  at  the  ion  beam  energy  (30  keV)  u.scd  in  the  present  experiment. 
In  addition,  (he  coupling,  via  the  spin-orbit  interaction,  of  any  aligned  orbital  angular 
momentum  vector  to  a  randomly  oriented  spin  vector  over  many  preccssional  cycles 
should  reduce  an  initial  alignment  to  a  negligible  amount  at  the  photon-negativc-ion 
interaction  region.  Due  to  the  unstable  nature  of  the  metastable  He~  ion,  there  will 
be  some  depletion  of  the  initial  population  of  the  ions  of  the  beam  via  autodctacbment. 
A  diflerential  depiction  cllect  on  the  dilTcrent  fine-structure  levels  will  result  from  their 
dilTerential  inctastability.  The  population  of  the  ions  entering  the  photodetachment 
region  will  be  dominated  by  the  most  weakly  autodetaching  7  =  1  component.  The 
fine  structure  is  far  too  small  to  be  rc.solvcd  in  the  measurements.  The  asymmetry 
parameters  for  ail  of  the  unresolved  fine-structure  lines  are  expected  to  be  the  same 
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in  the  LS  coupling  approximation  (Cooperand;Zare  :1 969),  and  so  . the%dn-statistical 
population  of  the  levels  arising  from  autodctachmenl' should  have  rid  eilect  .phvtlie 
photoeicctron  angular  distributions. 


Photociccirons,  ejected  from  the  interaction  region  in  the  direction  of  motion  of 
the  ion  beam,  arc  energy  analysed  by  means  of  a  spherical  sector  electron  spectrometer. 
The  angular  distributions  of  the  photoclectrons  were  measured  by  determining  the 
yield  of  electrons  as  a  function  of  the  angle  0  between  the  fixed  collection  direction 
and  the  variable  direction  defined  by  the  plane  of  polarisation  of  the  laser  beam.  For 
linearly  polarised  radiation  and  a  randomly -polarised  target,  the  angular  correlation 
between  the  incotning  photon  and  the  outgoing  electron  should  take  the  form, /(<?)  = 
1  A-  pPj{cQs  0)  in  the  electric  dipole  approximation.  The  quantity  p  is  the  asymmetry 
parameter  which  characterises  the  shape  of  the  emission  pattern  and  Pj(cos  0)  is  the 
second-order  Legendre  polynomial.  The  apparatus  was  tested  by  measuring  the  spectral 
dependence  of  the  angular  distribution  of  electrons  produced  by  photodetnehing  beams 
of  D“  and  IJ  ions.  Since  all  the  photon  energies  used  were  below  the  threshold  for 
leaving  the  residual  D  and  l-i  atoms  in  an  excited  state,  the  emission  procc,ss  should 
be  well  described  by  an  independent  electron  model  which  neglects  correlation.  The 
observed  co.s’d  i(i=2)  distribution  at  all  photon  energies  is  in  agreement  with  the 
predictions  of  Cooper  and  Zarc  (1969).  A  kinematic  correction  to  the  angular  distribu¬ 
tions  is  made  in  all  cases  to  account  for  the  fact  that  the  electrons  are  detached  from 
fast-moving  ions.  In  general,  this  transformation  from  the  laboratory  frame  to  the  ion 
frame  involves  amplitude  and  phase  factors  that  depend  on  the  velocity  of  the  ion 
beam.  In  forward-directed  electron  spectroscopy,  however,  the  phase  factor  becomes 
zero. 

F'igurc  I  shows  the  measured  spectral  dependence  of  p  for  the  photodctachment 
channel  lie  (V) +  /»'-♦  Hc('S)-l-c'.  In  an  independent  electron  description  of  the 
process,  the  p-orbilal  election  that  is  ejected  is  represented  by  continuum  s  and  d 
waves.  As  a  result  of  interferences  between  thc.se  partial  waves,  the  value  of  P  will, 


Figure  I.  Spectral  dependence  of  p  for  llic  pliotodclaclimeni  process  /ii'+ Ilc'(^P)- 
llc('S)+e". 


f 


Letter  to  the  Editor 


Li7 

in  genera!,  change  with  photon  energy.  It  might  be  expected,  however,  that;  the  d 
waves  would  dominate  the  process  so  far  above  threshold.  :It  if,pps.sible.  that  the 
ph.scrvcd  structure  in  ^  around  2.2  cY  could  be  the  result  of  the  fofmatioh  ofa  resonance 
by  photoexcitation  of  an  even  parity  state  of  the  He'  idh..  There  arc,  h6wcver;;ho, 
known  resonances  in  this  energy  region.  The  most  likely  candidate ‘Would  presuihably 
be  a  quartet  state  associated  with  configurations  such  as  is2s3s  or  I.s2s3d.  Quartet 
resonances  as.sbciatcd  with  the  n  =3  states  of  the  He  atom  have  been  studied  by  Oberpi 
and  Ncsbet  (1973)  buf  these  calculations  indicate  that  they  all  lie  somewhaf  highcrin 
energy  than  the  region  studied  in  the  present  work.  It  is  also  conceivable,  though 
perhaps  unlikely,  that  the  ob.servcd  .structure  in  /3  .shown  in  figure  I  is  due  to  the 
presence  of  inlcrchannel  coupling  via  the  final-state  interaction,  i.e.  coupling  between 
the  coniindn  continuum  filial  states  associated  with  the  Hc('S)  and  Me(‘'P),  channels. 

The  observed  spcctrardepcndcncc  of  (i  for  the  channel  Hc  '(^P)  l  /n'-*’  Hc{'P)  i-c 
is  shown  in  figure  2.  Merc  an  s-orbital  electron  is  ejected  leading  to  a  pure  outgoing 
p-wavc  electron  in  the  independent  electron  approximalipn.  Neglecting  correlation  in 
the  initial  and  final  .slates,  the  angnlaf  distribution  should  take  the  form  cos^  0  {p  =  l) 
for  all  photon  energies.  At  the  highest  photon  energy  used  in  the  experiment,  the 
measured  value  o[  is  in  agreement  with  the  predictions  of  this  model.  As  the 
photon  energies  arc  reduced  toward  tb.rcshold,  however,  the  value  of  p  is  seen  to 
decrease  rather  sharply  over  a  small  range  of  phpton  energies  and  then  essentially 
level  ofl  at  1.6.  Correlation  ellects  in  the  initial  slate  arc  expected  to  be  small. 
Configuration-interaction  calculations  show  that  the  lowest  He"  state,  (ls2s2p)^P,  is 
96%  pure  (Bunge  and  Bunge  1979).  In  the  case  of  pholoionisation,  it  has  been  shown 
by  Dill  (1973)  that  anisotropic  final-state  inlcraction.s,  which  arc  neglected  in  the 
independent  electron  model,  can  have  con.sidcrablc  cflccls  on  the  pholoclcclron  angular 
distributions.  The  outgoing  electron  can  be  reoriented,  for  example,  by  an  exchange 
of  angular  momentum  via  electrostatic  multipolc  rorcc.s.  In  the  prc.senl  ca.se,  the 


Figure  2.  Spcciral  dependence  of  P  for  the  plioiodet.'ichmcnt  proce.^  + 

Hcl^P)  +  e'.  Tile  nic.-isuremcnl  teelinique  was  tested  by  photodctaching  D"  (triangles)  and 
Li'  (diamond). 


LI  better  tp  the.Bditdr 

residual  Hc  atom  is  left  in  ,thc  non-sphefical,  2-P  excited  state.  The  dominant  electfont: 
atom  interaction  will  be  the  quadfupole  force,  which,  in  prihclplci  can  exerf  a  ‘torque’ 
on  the  outgoing  electrpn.  The  permanent  and  induced, dipole  moments  are  expected 
to  be  small  for  this  non-hydrogenic  system; 

The  coupling  of  the  continuum' p-wave  electron  to  the  residual  Hc(’P)  atom  gives 
rise  to  (Is2p^p)'’S,  ''P  and  'D  final  .states.  In  terms  of  the  formalism  of  the  angujar 
momentum  transfer  theory  of  Fano  and  Dill  (1972),  this  breakdown  of  the  independent 
electron  model  results  in  angular  momentum  transfers  of  y,  =  I  and  2  in  addition  to 
,/,  =  0.  Each  transfer  is  as.sociatcd  with  a  detachment  scattering  amplitude,  S,{y,).  Here 
/  refers  to  the  orbital  angular  momentum  of  the  outgoing  electron.  Manson  and  Staracc 
(1982)  show  that  the  cficctivc  value  of  /?  under  such  conditions  can  be  written  as  a 
weighted  average  of  the  form 

j|5,(0)(--l  |.9,(I)!'+.?|5,(2)p-  ^  ' 

I  hc  relative  moduli  and  phd.ses  of  the  scattering  amplitudes  will,  in  general,  change 
as  a  function  of  the  energy  above  threshold  and  this,  in  principle,  could  account  for 
the  dccicasc  in  fi  that  is  observed.  In  the  case  of  photodetachment,  however,  the 
finai-state  interaction  is  expected  to  be  short  ranged  and  weak  in  comparison  to  the 
analogous  situation  in  photoionisation.  One  might  expect,  therefore,  that  it  would 
have  a  negligible  effect  on  the  photoclectron  angular  distributions. 

An  alternative  explanation  ofthcob.scrved  spectral  dependence  of  )9  for  the  Mc{2’P) 
exit  channel  involves  a  consideration  of  the  influence  of  the  ( ls2p’)^P  shape  resonance 
on  the  cmi.ssion  process.  This  resonance  has  been  experimentally  studied  by  Petenson 
et  nl  (198.S)  and  theoretically  investigated  by  Ila^i  and  Reed  (1981)  and  Wafannbe 
(1982).  It  lies  -11  meV  above  the  2'P  threshold.  The  photon  cncrgic.s  used  in  the 
ptc.scnl  work  coriesportd  to  a  range  of  energies  that  lie  -0.5- 1.0  cV,  or  approximately 
one  hundicd  resonance  widlh.s,‘  dbovc  Ihc  resonance.  This  very  strong  resonance  has 
a  calculated  peak  cross  .section  of  — 8x  10  "  cm^  'I'he  calculation  of  Watanabc  (lo.^2) 
indicates  that  even  in  the  wings  of  this  large  resonance,  -0.8  cV  above  the  peak,  the 
re.sonance  can  make  a  non-ncgligible  contribution  to  the  photodetachment  process.  It 
seems  plausible  that  the  .shape  resonance  could  enhance  the  strength  of  the  final-state 
interaction  leading  to  the  (2s2skp)’’P  state  as  a  result  of  the  protracted  time  that  the 
outgoing  electron  spends  in  the  vicinity  of  the  parent  lie  atom.  Recent  theoretical 
results  of  .Saha  and  Compton  (1989)  seems  to  confirm  this  resonant  enhancement  of 
Ihc  photodetachment  process  via  the  Hc('P)  channel. 

The  presence  of  the  shape  resonance  could  have  an  elfect  on  the  angular  distribution 
of  photoelcclrons.  In  the  prc.scnt  experiment,  the  (ls2p')''P  resonant  state  of  Me"  will 
be  anisotropically  excited.  The  photocxcilalion  process  is  necessarily  stale  selective 
as  a  result  of  the  use  of  linearly  polarised  incident  radiation  and  the  restriction  imposed 
on  Ihc  possible  final  states  by  Ihc  Pauli  exclusion  principle.  The  electrons  subsequently 
ejected  in  the  aulodetachment  of  the  resonance  will  carry  away  the  anisotropy.  It  is 
estimated,  in  Ihc  independent  electron  approximation,  that  the  emission  pattern  result¬ 
ing  from  the  autodetaching  decay  of  this  resonance  is  characterised  by  a  value  of 
(3  =  0.5,  which  is  considerably  smaller  than  the  value  of  (3  =  2  expected  from  the 
non-resonant  photodetachment  process.  The  effect  ofthc  resonance  on  the  emission 
process  can  be  viewed  in  terms  of  an  interference  effect.  The  shape  of  the  observed 
spectral  dependence  of  P  arises  from  an  interference  between  non-rcsonant  and 
resonant  photodetachment  pathways  to  the  common  (ls2pfcp)*P  final  state.  The 
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measured  value  of  p  nt  a  particular  photon  energy  would  then  be  the  result,  of  ati,; 
appropriate  weighting  of  the  different  p  from  ihe  two  pathways.  ,lt  Ks  cxpectcd'  that 
the  weighting  factors  will  be  determined,  as  ii  function)  of' the  photoii- energy,  by  the 
reiativc  cross  sections  for  tlic  two  interfering  processes.  In  the  energy  fangeKof  the 
present  measurements,  the  rion-resonant  photodetachihcnt  process  should  dominate 
but  the  noh-ncgligibic  contribution  from  thc  rcsonancc  process  could  be  sufficient  to 
pertufb  the  angular  distributions  of  the. ejected. pliotdeicctrons. 

In  conclusion,  ah  investigation  has  been  made  of  the  angular  di.sjribution  of 
electrons  ejected  in  the  photodetachment  of  ile"  yla  the  two  resplyed  exit  channels 
that  leave  the  Me  atom  in  cither  the  2'S  or  the  2'’P  state,  it  appears  from  the  results 
that  the  independent  electron  model  is  inadequate  to  describe  the  emission  procc.ss. 
for  cither  channel.  Correlation,  in  some  form,  affects  the  photocleclron  anguhtr 
distributions.  In  . the  case  of  the  Me(’P)  channel,  the  (Is2pyp  shape  resonance  may 
play  a  role  in  enhancing  the  photodctachmcnt  process  and  in  pcrlurbing.thc  emission 
pattern.  It  is  clear  from  this  work  that  further  theoretical  working  on  the  photodclach- 
ment  of  the  relatively  tractable,  yet  fundamentally  interesting,  lie"  ion  is  heeded  to 
aid  in  a  full  quantitative  undcr.standing  of  the  emission. process. 
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Cross  sections  and  asymmetry  ()?«/)  parameters  for  the  photbdetachment  of  ^  and  2p  electrons  from 
He~(is2r2p)^/’'’  are  calculated  using  the  multiconfiguration  Hartfee^Fock  method  which  includes  the 
effects  of  dynamical  core  polarization  and  electron  correlation,  the  excellent  agreement  with  limited  ex* 
perimental  data  suggests  its  accuracy  over  the  energy  range  from  0  to  4  eVi  the  photodetachment  cross 
sections  are  used  to  calculate  the  inverse  radiative  attachment  cross  sections. 

PACS  numbers:  32.80.Fb 


Negative-ion  states  which  lie  in  the  continuum  and  do 
not  radiate  to  a  lower  state  will  eventually  autodetach  to 
a  neutral  plus  a  free  electron.  The  lifetime  of  such  auto¬ 
detaching  states  depends  upon  the  strength  of  the  cou¬ 
pling  to  the  continuum.  Those  states  which  interact 
strongly  with  the  continuum  via  the  electrostatic  terms  in 
the  Hamiltonian  are  short-lived  ('~I0”*^-10"'^  sec) 
and  are  observed  as  resonances  in  electron-scattering '  or 
photodetachment ^  cross  sections.  Those  states  which  in¬ 
teract  weakly  with  the  continuum  via  the  spin*spin  or 
spin-orbit  interactions  of  the  Hamiltonian  can  have  auto¬ 
detachment  lifetimes  approaching  milliseconds.  The 
(ls2p2p)*P'’  state  of  He"  is  a  classic  example  of  a 
long-lived  Feshbach  resonance  (electron  bound  to  an 
excited  state).  The  y-y  and  y  fine-structure  com¬ 
ponents  of  Hc“  *P°  can  decay  ^  through  spin-orbit  and 
spin-spin  interactions  via  coupling  with  the  doublet  P 
states,  while  the  lower-level  *Psn  state  can  decay^  only 
through  the  considerably  weaker  spin-spin  interaction. 
Relativistic  radiative  autodetachment  of  He  ~  *P°  has 
not  yet  been  detected.  Many  of  the  physical  properties 
of  mctastable  He"  *P°  have  been  extensively  studied 
both  experimentally  and  theoretically  since  its  discov¬ 
eries  in  1925  and  1939  (Ref.  5)  (for  a  brief  review,  see 
Ref.  6). 

There  have  been  a  number  of  experimental  measure¬ 
ments’""  and  two  theoretical  calculations"-”  concern¬ 
ing  the  photodetachment  of  He"^/*®.  Both  experi¬ 
ment*"”  and  theory"  exhibit  an  enormous  peak  in  the 
photodetachment  cross  section  at  ~  1.2344  eV  with  a 
half-width  of  7  meV.  This  peak  is  due  to  the  excitation 
of  the  He"^/’*’  state  to  the  {\s2p2p')^P’  shape  reso¬ 
nance.  The  experimentally  determined  maximum  in  the 
cross  section  is  80 ±  10  A’  and  is  about  3.3  times  larger 
than  the  previous  theoretical  value"  (~24  A’). 

In  this  paper,  the  multiconfiguration  Hartree-Fock 
(MCHF)  method  is  used  to  calculate  accurate  photo- 
detachment  cross  sections  and  angular  distribution  asym¬ 
metry  parameters  for  He  "  *P°  for  incident  photon  ener¬ 


gies  from  threshojd  to  4.5  cV.  Comparison  is,. made  with 
existing  cross-section  measurements’""  and  with  recent 
asymmetry  parameter  measurements."  Finally;  the 
principle  of  detailed  balance  is  used  to  calculate  the  radi¬ 
ative  attachment  cross  sections  for  He(Is2s  *5). 

Electron-correlation  and  dynamic  core-polarization 
effects  are  very  important  in  the  accurate  calculation  of 
photodetachment  properties  of  negative  ions.  Recently 
the  MCHF  method”  was  shown  to  reproduce”  the  pre¬ 
viously  calculated  bound-free  photodetachment  cross 
section  of  H  "*  over  the  photon  energy  range  from  0.8  to 
3  eV.  As  in  the  present  calculations,  the  electron- 
correlation  and  dynamic  core-polarization  effects  were 
accounted  for  in  an  ab  initio  mariner.  The  accuracy 
of  the  MCHF  method  exhibited  for  H"  suggested 
its  application  to  the  more  complicated  case  of 
Hc"(1j2j2/7  V®).  The  excellent  agreement  between 
the  length  and  velocity  calculations  for  both  H  ~  and  the 
present  He"  case  attest  to  the  accuracy  and  complete¬ 
ness  of  the  initial-  and  final-state  wave  functions.  De¬ 
tails  of  the  present  calculations  along  with  partial  cross 
sections  will  appear  in  a  separate  publication  by  Saha. 

The  initial  and  final  states  considered  in  the  present 
calculation  are 

hco+Hii~ils2s2p*P'^)-*HcOS)+e(ks)*S^ 
-*Hei^S)+e(kd)*D' 
~*HcOP)+e{kpyS' 
-*H60P)+e{kpyP' 
-*HcOP)+e(,kp)*D'.  (1) 

We  emphasize  that  relativistic  effects  are  not  included, 
and  therefore  any  fine-structure  effects  iJ  dependence) 
on  the  initial  ion  or  final  state  are  not  included.  Future 
studies  would  include  calculations  of  cr  and  p  for  the  in¬ 
dividual  7  -  7 ,  7 ,  and  7  levels  of  He  "  ‘‘F". 

The  MCHF  expansion  of  the  wave  function  for  the  in- 
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itial  state  consisted  of?  configurations  constructed  from 
1j,  2s,  Ip,  Is,  ip,  id,  4j,  4/7,  ^d,  A'f,  5s,  5p,  5d,  6s,  6p, 
and  6</  orbitalsi  All  of  theibbundi  orbitals  are  optimized 
variationaily.'’  The  five  finai-statc  wave  functions -were 
made  from  expansions  of  the  configurations,  coupled  to 
form  each  of  the  *P‘,  arid  terms.  The  electron 
affinity  for  Hc(2^5)  was  calculatcd  to  be  0.0775.  eV  arid 
is  in  exact  agreement  with  the  more  accurate  value  of 
0.077.51  ±0,00004  eV  of  Bunge, and  Bunge;'*  The  elec¬ 
tron  affinity  for  He(2V)  was  1.221  eV  which  Is  In  excel¬ 
lent  agreement  with  the  experimental  value  of  1.222 
±0.0008  eV.’ 

The  photodetachment  cross  section  for  absorbing  a 
photon  of  energy  hm  from  an  initial  state  i  to  a  final 
state  /Is  given  by 

<7((o)-4a^ofl^«2Kv'/l7'|  (2) 

f,m 

where  a  is  the  firie-struciore  constant  and  uq  is  the  radius 
of  the  first  Bohr  orbit  of  the  H  atom.  Vi  and  yr/  repre¬ 
sent  the  wave  functions  describing  the  bound  and  free 
states  of  the  negative  ion.  The  summation  runs  over  all 
of  the  final  configurations  and  magnetic.quantum-num* 
bers,  The  length  and  velocity  forms  of  the  dipole  transi¬ 
tion  operator  T  are 

n-izy  and  (3) 

ft  and  ff  are  found- to  be  exact  solutions  of  the  same 
Hamiltonian  if  the  length  arid  velocity  forms  of  the  cross 
sections  and  p  parameters  are  identical.  The  method'of 
constructing  the  MCHF  wave  function  for  the  final  con¬ 
tinuum  state  involves  the  solution  of  coupled  integro- 
differential  equations  which  are  solved  by  an  iterative 
method  and  is  identical  to  that  described  in  detail  ear¬ 
lier.'* 


FIG.  1.  Total  photodetachment  cross  sections  for  He"!^/*®) 
vs  photon  energy. 


The  angular  distribution  of  photoelectrons  detached 
from  a  subshejl,  nl,  by  light  polarized  in  the  £  direction  is 
related  to  the  differential  cross  section  by  the  relation 

f,  I  A  /  \  i  A\ 

. n  +Pni{o>)P,{t>k)] .  (4) 

Pi  is  the  second-order'Legendre  polynomial  whose  argu¬ 
ment  is  the  cosine  of  the  angle  between  the  polarization 
vector  e  and  the  direction  of  the  outgoing  electron  It. 
The  asymmetry  parameter  pntia)  for  the  photodetach¬ 
ment  of  the  2p  electron  from  He  "  was  calculated  us¬ 
ing  the  Cooper-Zarc  model; '’ 


Pnl(o)) 


/(/-l)r/l.|(a7)4-(/+l)(/±2)r4i(ft>)-6/(/±l)r,-i(m)r/+i((u)co5(^/+i-$/-i) 

(2/  + 1 )  l/T/l.  I  (<u )  +  (/  + 1 )  T/V I  (<u)  I 


(5) 


where  Ti-\{o})  and  Tz+ifw)  arc  the  radial  parts  of  the 
dipole  matrix  element  corresponding  to  the  /—I  and 
I  + 1  channel,  respectively,  and  is  the  phase  shift  of 
the  /th  channel.  The  use  of  the  Cooper-Zarc  model  for 
an  s  subshcll^"  gives  a  value  of  2  for  p  since  differences 
of  the  photoelectron  phase  shifts  for  the  last  three  chan¬ 
nels  in  Eq.  (4)  arc  ignored.  These  phase-shift  differences 
are  taken  into  account  in  the  angular  momentum 
transfer  formalism.^'  Following  the  formalism  of  Fano 
and  Dill,^^  p  for  an  s  subshell  is  given  by 


^  IMh)  ■ 

In  the  £5'-coupling  approximation^® 


(6) 


ji'^Lc-Lo, 


-  -  ^ - - - 

where  Lo  and  Lt  are  the  orbital  angular  momentum  of 

the  initial  and  final  core  states,  respectively. 

Figure  I  shows  the  total  cross  section  obtained  by 
suiriming  up  the  partial  photodetachment  cross  section^ 
The  experimental  value  of  Compton,  Alton,  and  Pegg,’ 
Peterson  and  co-workers,’-'®  and  Pegg  et  a/. "  arc  shown 
for  comparisons.  The  total  cross  section  rises  sharply 
from  the  He(2^5)  threshold  to  a  maximum  of  li2  at 
0.085  eV  then  decreases  to  a  minimum, at  about  0.125 
eV.  This  rapid  rise  and  fall  of  the  cross  section  is  due  to 
the  ls2sOS)ks*S‘  channel.  The  broad  maximum  in 
the  cross  section  around  0.3  eV  is  due  to  the 
\s2s{^S)kd^D'  channel.  At  higher  photon  energy  the 
photodetachment  cross  section  is  dominated  by  the 
\s2p^*P'  shape  resonance.  The  resonance  position  and 
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FIG.  2.  Photoclectron  asymmetry  parameters,  p2„  as  a  FIG.  3;  Photoelectron  asymmetry  parameters,  ptp,  as  a  * 
function  of  photon  energy.  function  of  photon  energy; 


width  (FWHM)  are  calculated  to  be  1,231  and  0.007S 
eV  which  are  in  excellent  agreement  with  the  experimen¬ 
tal  value  of  1.2344  ±0.0004  and  0.0070  ±  0.0004  cV*  re¬ 
spectively.  It  is  seen  from  the  figure  that  there  is  out¬ 
standing  agreement  between  the  present  results  and  the 
absolute  cross  sections  of  Peterson,  Bae,  and  Huestis'°  in 
the  vicinity  of  the  resonance.  Early  data  of  Peterson, 
Coggiola,  and  Bae’  also  indicated  that  additional  struc¬ 
ture  might  be  present  below  1.23  eV  suggestive  of  possi¬ 
ble  interference  from  *S  or  *D  states  in  this  energy  re¬ 
gion;  however,  their  later  measurements  showed  no  struc¬ 
ture, The  present  calculations  also  show  no  such  in¬ 
terference  structure.  Compton,  Alton,  and  Pegg^  also 
report  structure  at  2,5  eV  which  was  not  present  in  our 
calculations.  In  fact,  no  evidence  for  any  other  reso¬ 
nance  structure  was  found  up  to  ~5  cV.  Finally,  we 
note  almost  exact  agreement  with  the  cross  sections 
determined  by  Pegg  et  o/. "  which  are  expected  to  be  the 
most  accurate  experimental  measurements  to  date. 

The  asymmetry  parameters  Pni(<o)  for  the  photode¬ 
tachment  of  2s  and  2p  electrons  are  presented  in  Figs.  2 
and  3,  respectively,  along  with  the  limited  experimental 
data  recently  available.’’  Again  the  near  equivalence  of 
the  length  and  velocity  results  attest  to  the  accuracy  of 
the  wave  functions  representing  the  initial  and  hnal 
states.  Figure  2  shows  the  calculated  for  photo¬ 
detachment  of  the  2j  electron.  Agreement  between  ex¬ 
periment  and  theory  is  very  good  over  the  energy  range 
available  from  experiment.  The  distribution!  is  nearly 
isotropic  at  threshold  and  approaches  asymptotically  the 
Cooper-Zare  model  value  of  2  lEq.  (5)].  The  asym¬ 
metry  parameters  for  the  2p  electron,  Pip^w),  in  Fig.  3 
varies  from  0  to  —  1  in  a  narrow  region  above  threshold 
and  approaches  1,5  asymptotically.  Thus,  the  angular 
distribution  of  photoelectrons  would  be  isotropic  at 
threshold  and  quickly  changing  to  sin^0  dependence 
(ejected  perpendicularly  to  the  plane  of  polarization  of 
the  photon  beam).  The  experimental  data  and  theory 
are  seen  to  agree  very  well  for  Pipio))  over  the  narrow 
energy  region. 


The  principle  of  detailed  balance  can  be.used.  to  relate 
the  photodetachment  cross  section  oj  to  the  radiative  at¬ 
tachment  cross  section,  Oa^ 


hv 

mvc 


(7) 


where  v  is  the  frequency  of  the  quantum  ennitted,  m  is 
the  mass  of  the  electron,  v  its  vclocity,  and  is  the 
ratio  of  the  statistical  weights  of  the  negative  ion  and 
atomic  states  (taken  to  be  4  here).  The  radiative  at¬ 
tachment  cross  sections  to  metastable  HedsZr)^^  are 
shown  in  Fig.  4  as  a  function  of  electron  energy  ranging 
from  0.00136  to  2.5  eV.  Experimental  cross  sections  of 
Pegg  et  al. "  are  included.  Also  shown  are  cross  sections 
at  two  energies  from  Hodges,  Coggiola,  and  Peterson.’ 
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Partial  cross  sections  for  the  photodetachment  of  a  2r  or  2p  electron  from  metastable  (ls2s2p)*P 
He  ~  ions  have  been  determined  using  crossed*beam  photoelectron  spectroscopy.  Kinematic  effects  asso¬ 
ciated  with  detachment  from  a  fast  beam  source  have  been  exploited,  in  a  novel  way,  to  enhance  the  pre¬ 
cision  of  the  measurements.  Calculated  cross  sections  for  the  photodetachment  of  H  ~  were  used  to  es¬ 
tablish  a  scale  for  the  He  ~  measurements.  Radiative  attachment  cross  sections  are  derived  from  the 
photodetachment  results  using  the  principle  of  detailed  balance. 

PACS  numbers;  32.80, Fb 


The  three-electron  He“  ion  has  a  relatively  simple 
structure.  As  such,  it  has  received  a  great  deal  of  experi¬ 
mental  and  theoretical  attention  since  its  discovery^  by 
Hiby. '  It  is  well  known  that  stable  He  "  ions  are  nonex¬ 
istent  due  to  the  fact  that  an  electron  is  unable  to  attach 
itself  to  a'He.atom  in  its  ground  state.  The  He~  ion  is 
instead  the  prototype  of  nn  unusual  class  of  unstable,  yet 
long*lived,:iicgative  ions  that  are  metastable  against  de¬ 
cay  via  eledron  (autodetachment)  and  photon  (electric 
dipole)  emit^.,..The  ion  is  formed  in  the  core-excited 
and  spin-aiii^  (Is252/>)V  state  when^n  electron;*!- 
taches  itseif.to  a  He  atom  in  the  metastable  (Islr)^^ 
excited  state..  Autodetachment  via  the  strong  electrostat¬ 
ic  interaction!  is  spin  forbidden.  The  process  proceeds, 
however,.jit  ajlower  rate  via  the  weaker  magnetic-in¬ 
teractions  among  the  electrons.  There  exist  a  differential 
metastability,  among  the  line-structure  levels  due  to  their 
different  coupling  strengths  to  the  continuum..  The  life¬ 
times  of  tlieihree  levels  and  their  relative  spacings  have 
been  measured. by  Novick  and  co-workers.^  The  He~ 
ion  livu  long.enough  (tens  to  hundreds  of  microseconds) 
that  a  beamiof.Jcns  can  be  formed  in  an  accelerator  and 
subs^uently  used  as  an  essentially  stable  source  for  ex- 
periment!.~The  structure  of  He~  is  now  well  estab¬ 
lished.  The>c^ron  affinity  of  He(2^5)  has  been  calcu- 
lated  by  Bunge  and  Bunge^  to  be  77.51  ±0.04  meV. 
This  .quantijt^  was  first  measured  by  Brehm,  Gusinow, 
and  ,Haill!;jus^g  crossed  laser-ion-beam,  photoelectron 
spectnHO^.;^^  later  by  Peterson,  Bae,  and  Huestis^ 
using  a  m.gr^-beam  threshold  photodetachment.  tech¬ 
nique.  The  latter  value  is  in  excellent  agreement  with 
theory. 

The  detail^  manner  in  which  metastabie  ions  such  as 
the.He~  iqnvinteract  with  radiation  is  not  as  well  known, 
howeverraltbough  the  subject  is  of  fundamental  interest, 
in  particularv«xpcrimental  data  on  absolute  partial  cross 
scctioas,.w^tch£are.the  subject  of.  this  paper,  are-spacse. 
The  simpiestt^ble  negative  ion,  H  ~,  has  a. single  open 

in' 


photodetachment  channel,  Av+H“(l '5)— *  H(l*5) 
•fe“(jtp),  in  the  visible  (hv<  10.96  eV).  In  contrast, 
photodetachment  of  He~  can  lead  to  five  possible  final 
(continuum)  states  in  the  visible  (Av<4.8S  eV);  i.e„  *S 
and  *D  states  associated  with  the  process  hv 
+He“(2*P)— Hc(2*5)+e"(Jb,d)  and  *S,  *P,  and 
states  associated  with  the  process  hv+He“6V) 
-*He(2^/*)±e”(ii:p),  The  technique  .of  energy  and 
angle-resolved  photoelectron  spectroscopy  has  allowed  us 
to  quantitatively  investigate,  as  a  function  of  photon  en¬ 
ergy,  the  competition  between  the  two  resolved  photode¬ 
tachment  processes  that  leave  the  He  atom  in  the  l^S 
and  2^P  states,  respectively.  The  partial  cross  sections, 
a(?5)  and  aOP),  for.  the  two  processes  have  each  been 
measured  relative  to  the  known  cross  section,  o(^iS),  for 
photodetaching  a  reference  D~.ion..  .As  far  as  it  is 
known,  the  present  data  represent  the  only  published 
measurement  of  branching  ratios  for  competing  photode¬ 
tachment  channels.  At  the  present  time  there  are  no 
published  calculations  of  the  partial  cross  sections  for 
He~  photodetachment,  although  work  is  currently  in 
progres!*  - 

The  cross-section  rati  were  determined  from  mea¬ 
surements  of  the  yields  and  angular  .distributions  of  pho¬ 
toelectrons  ejected  from  the  ions  at-  the  intersection  of 
crossed  laser-  and  negative-ion  beams.  The  fast  moving 
(—JO  keV)  and  tenuous  beam  of-negative  ions  was  pro¬ 
duced  by  double  charge  exchange  between  a  beam  of 
positive  ions  and  atoms  inm  Li  vapor  cell.  The  negative- 
ion  beam  was  intersected. orthogonally  by  a  linearly-po¬ 
larized  beam  of  photons,  from  a  flashlamp-pumped 
pulsed  dye  laser.  Sets  of  apertures  were  used  to  ensure 
that  the  overlap  of  the  two  beams  remained  unaltered 
during  the  relative  measurement  process.  Following 
photodetachment  events,  electrons  ejected  from  the  He~ 
ions,  in  the  direction  of  motion « of  the  ion  beam 
(forward-directed  electioos),-  were;  collected  and  energy 
analyzed  using  a  spherical-sector,  electron  spectrometer. 
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The  angular  distributions  of  the  detached  electrons  were 
determined  by  mwuring  their  yields  as  a  function  of  the 
angle  between  the  fixed  collection  direction  and  the 
direction  defined  by  the  polariution  vector  of  the  laser 
beam.  The  polarization  vector  could  be  rotated  in  a. 
plane  perpendicular  to  the  propagation  direction  of  the 
laser  by  the  use  of  a  X/2  phase  retarder,  (double  Fresnel 
rhomb).  The  output  power  of  the  laser  was  carefully 
chosen  to  avoid  saturation  on  each  of  the  photodetach¬ 
ment  processes  studied.  The  instantaneous  intensities  of 
the  photon  and  ion  beams  were  monitored  for  normaliza¬ 
tion  purposes.  A  synchronous  detection  scheme,  based 
on  the  time  structure  of  the  pulsed  laser,  was  used  to 
discriminate  against  the  rather  large  electron  back¬ 
ground.  Further  details  of  this  crossed-beams  apparatus 
can  be  found  in  a  previous  publication.^ 

The  relative  cross  sections  (angular  integral)  were  ob¬ 
tained  by  .  comparing,  under  identical  geometrical  condi- 
tions,.the  yields  of  electrons,  K(He)  and  HD),  produced 
in  the  photodetachment  of  beams  of  He~  and  D~  ions, 
respectively.  The  cross-section  ratio  for  these  two  pro¬ 
cesses  can  be  expressed  by  the  following  relation: 

0(He)  _  K(He)d(D)p(D)g(D)ll-f-d(D)l  .  , 

o(D)  y(D)#(He)p(He)g(He)ll+/l(He)J  ' 

In  this- expression  the  yield  ratio  is  multiplied  by  several 
measured  factors  that  take  account  of  the  different  pho- 
toif  fluxes,"^,  ion  densities,  p,  frame-transformed  solid- 
angle-factors,  g,  and  asymmetry  parameters,  p,  associat¬ 
ed  with  ‘photodetaching  electrons  from  the  two  beams. 
All  geometric  factors  are  adjusted  to  be  equal  and  there¬ 
fore  cancel  out.  A  novel  technique,  which  is  illustrated 
in  Fig.  I'i  has'been  used  to  cancel  out  the  efficiency  fac¬ 
tors  associated  with  the  collection  and  detection  of  elec¬ 
trons  from  the  two  beams.  The  three  photoelectron  spec¬ 
tral  peaks  shown  in  Fig.  1,  which  have  different  energies 
in  the'-ion  frame,  can  be  kinematically  shifted  to  -the 
same -energy  in  the  laboratory  frame  by  an  appropriate 
choice  of  the  ion-beam  energies,  £/.  The  efficicncifs  for 
collecting  and  detecting  electrons  -of  the  same  energy 
from  the  He~  and  D~  beams  then  become  equal  and 
cancel  out.  The  ion-beam  energies,  which  are  needed  to 
determine  both  the  ion  densities  and  solid-angle  transfor¬ 
mation  factors  shown  in  Eq.  (1),  can  be  determined  pre- 
cisely-(~0.1%)  from  an  in  situ  analysis  of  the  separation 
of  the'peaks  in  the  photoelectron  spectra.  For  example, 
the  He'- photodetachment  spectrum  consists  of  a  pair  of 
peaks  (one  for  each  exit  channel)  whose  separation  in 
theiion  frame,  eOS~^P),  is  well  known  from  photon 
spectroscopy.  A  determination  of  their  separation  in  the 
laboratory  frame  can  then  be  used  to  measure  the  ion- 
beam  energy.  This  technique,  which  depends  on  either 
kinematic  shifting  or  doubling  of  the  spectral  lines,  is  de¬ 
scribed  in  more  detail  by  Pegg  et  alP  Angle-resolved 
yield  mieasurements  were  made  on  each  spectral  line  to 
determine  the  asymmetry  parameters  p  that  characterize 
the- shape  of  the  photoelectron  emission  patterns.  The 
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FIG.  1.  Three  spectral  peaks  kinematically  shifted  t6  the 
same  laboratory-frame  energy  by  an  appropriate  choice  of 
ion-bram  energies.  The  peak  yields  were  used  in  the  measure¬ 
ment  of  relative  cross  sections  for  the  photodetachment  of  He  ~ 
and  D  ~  ions. 


measurement  technique  was  first  tested  by  photodetach- 
ieg  electrons  from  beams  of  D"  and  Li"  ions.  The  pre¬ 
dicted  cos^0  (p^2)  distribution  was  obtained  in  all 
cases.  The  exit  channel  in  He”  photodetachment  in¬ 
volves  the  ejection  of  an  s  orbital  electron,  similar  to 
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photodetachment  in  the  stable  D”  and  Li”  ions.  The 
measured  values  of  p,  however,  are  considerably  smaller 
(/3~1.5)  than  the  p-2  predicted  by  an  independent- 
electron  model.  It  is  suspected  that  the  presence  of  the 
(’ls2p^)*P  shape  resonance*  lying  just  above  the  thresh¬ 
old  for  the  opening  of  the  channel  is  perturbing  the 
angular  distribution  of  the  photoelectrons  in  this  case. 
The  spectral  dependence  of  the  asymmetry  parameters 
characterizing  the  angular  distribution  of  electrons  eject¬ 
ed  in  the  photodetachment  of  He  ”  are  the  subject  of  a 
paper  by  Thompson  et  al.  ®  Calculations  have  been  made 
by  Saha  and  Compton.* 

The  partial -cross-section  ratios,  a0S)/a0S)  and 
a(*/’)/iT(?S),have  been  measured  at  photon  energies  of 
1.781,  1.946,:>and.l091  eV.  The..results. are  aOS)/ 
o(^S)-0.60±0.02  (1.781  cV),  0.57±0.04  (1.946  eV), 
and  0.49 ±  0.04.  (2.091  eV);  ff(*P)/<T(^S) -0.28  ±0.02 
(1.781  eV),  0  18±0.02  (1.946  eV).  and  0.12±0.01 
(1091 ’fcVl.^The-uncertainties  quoted  on  these  values 
represent  i  standard  deviations-of  the  weighted  mean  of 
several  data  sets  each  comprising  a  number  of  individual 
spectra  adSiif'together.  'The  major  aourcc^bf  statistical 
error  in^chjdata  set  originates'in  the  measuretnent  of 
yicid“^'ratKi?-,'(~4%)  and  a^mirtrx-parameter  ratios 
(~3%).*Uacertainties  in  other  measu^  quantities  are 
considet'^eidffbe*  negligible.  .  Systematic  error  sources 
'li^beeKtBTesitgated  and  are  estimated  to  be  within  the 
quoted  2^UTUts.'  'A  scale  for  the  relative  cross-section 
n  be  readilyrestablished-byiassuming 
(fiwrelfiSrf^lSBe^for  the  o(*S)  cross  section  for-pboto- 
d^chinjrthi^D”  ion.  Several  calculations  of  H”  pho- 
todetachnamf'eross  sections  have  been  made  and  can  be 
used  foHKarpmpose.  The  perturbation-variation  results 
of  Stewa^*  harebcen  arbitrarilychoaen  for  the  purpose 
of  Jnoraaliation’- in  the*  present -work.  The  results  of 
BrradVand'^'Reinhardt'® '  fall-  within  r'1%  of  ethosceof 


Stewarit  .-orci^the-range-  of'  the  rpresents  experiments. 
*  Combining  the*theorelical  values  (assuming  a  3%  uncer- 
UuntyTwhh'thcmneasurcd-cross-section  ratios  produces 
tfie  partlal’lbbss  sections  (in  MbI'shown  in  Table  L  The 
sum  of  thepartial  cross  sections,- OMun-and-the  measured 
’  as^metry'^parameters,--  /?,  "'arer  also  :.tabulated.  The 
t  blincliing'jafios*  for  the '^S'channeh  are  0.70  ±0.06 
‘tf!781 'eVj?*(n5±0.10'(1.946'e\0,  and  0.80±0.18 


,  *  TABLE.  I.'i'Pbotodctachnwnt  of  He 

--if.  .  ,  .  ,, 

and  asyminctry  parameters.  ' 


:  cross  sections  (Mb) 


v« 

■  A 

1.781 

Photon  eiKTgy  (eV) 
1.946 

2.091 

aOS) 

..22.9  ±1.0 

20.5  ±1.5 

16.6  ±1.8 

pOs) 

“  i;i5±0.02 

1.28  ±0.02 

1.19  ±0.07 

aOP) 

''T0.0±0.6 

■  6.7  ±0.6  - 

4.1  ±0.4 

p{^P) 

r.52±0.04 

1.59  ±0.03 

1.53  ±0.05 

OmW  ' 

^Ti02-9±2.4H-- 

i— ;  27.2±.3..I  -. 

.20.7jt3.0 
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(2.091  eV):”The  measured  partial  and  total  cross  sec¬ 
tions  are  also  shown  in  Fig.  1  along  with  the  results  of 
the  total  cross-section  calculation  of'Hazi  and'Reed?*' 
The  calculation  and  the  sum  of  the  present  partial  cross- 
section  measurements  are  seen  to  be  in  good  agreement 
at  all  the  photon  energies  used  in  the  experiment.  The 
only  other  partial  cross-section  measurement  for  He”  is 
that  of  Brehm,  Gusinow,  and  Hall.*  Their  estimates,  at 
a  photon  energy  of  2.410  eV,  are  limited  in  precision  to  a 
factor  of  2  since  no  angular  distribution  information  was 
obtained  in  the  experiment.  The  less  precise  total  cross- 


section -measurements  of  Compton,  Alton,  and  Pegg'^ 
and  Hodges,'  Coggibla,  and  Peterson'*  are  in  essential 
agreement  with  the  sum  of  the  partial  cross  sections 

measured  here'*''  _  ■  • 

The  measured  cross  sections  for  photodetaching  an 
electron  from  the  He”  ion  can  be.- used  to  indirectly 
determine,  using  detailed  balance  arguments,'.*  the  cross 
sections,'r(ra;\forrthe  far  less  probable  inverse  process  of 
radiative-attachment  The  derived  .radiative -attachment 


cross rte^nos'.Gh -bams)  arc  (Tb(*5)  — 166±7'(r.781 
cV).^162J:J24l.946  eV),  and  r2b±13  (2.091  eV); 
‘y(^/’)T7i3r5y(ii8i  cV),  45±4‘  (1.946  cV)’,'  and 
30±i.(^rcV):‘1^'  . '  "" 

inezrelaUvely  .high  precision  (~5%  in  favorable 


cases). of.  thevpiesMt.  cross-section  ratio  measurements 
reflectsmvr-abUityr.to  exploit,  in  a  novel  way, ..certain  kl- 
nematia^ectsiassociated  with  a  f^  moving^iource'of 
kxu.aadi^^simultancous  collection  of  electrons  in  thie 
forwan|:djicctnn..^:;.These  .features  of.tte  present  ap¬ 
paratus  .have.not  been  used  in  previous  photodetachment 


.f  -r?, ..  . . 

-  ../:J  7  .'  r-  ..  .... 

•  i-pot*!  Photodetachment  OoM Section fbr-- 


CTOM  section*  for.photodctaching  He"  via  the  He('P)  and 
Hc(*5)  exit  ciisnnels,  respectively.-Tbe  uiUd  circles,-  which  are 
tbejum  of  the.partial  cron  sections,  are  compared  with  the  re¬ 
sults  of  the  total  crou-sectiou  calculation  of  Ref..!  1  (sWm  u 
.  cootinuousxauiyes).Jl^The  length  and  velocity  forms  are  repre- 
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studies.  A  scale  for  the  relative  measurements  has  been 
established  by  the  use  of  accurate  theoretical  values  for 
the  cross  sections  for  the  photodetachment  of  the  refer¬ 
ence  ion,  D  As  a  result  we  have  been  able  to  deter¬ 
mine  partial  cross  sections  for  the  photodetachment  of 
He“  to  <  10%. 
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Pliotocicctron  angular  distributions  for  resonantly  enhanced  tlircc-photon  ionization  (2+1)  of  cesium 
via  tlic  ns  (/i"”8-I2)  states  have  been  measured.  'I he  asymmetry  parameter  /3'is  found  to  vary,  fiom 
+  1.2  for  the  8j  state  to  -0.5  for  the  I2.t  state.  These  results  provide  the  fir-st  clear  experimental  evi¬ 
dence  for  relativistic  (spin-orbit)  cITccts  on  the  pliotocicctron  angular  dislrihiition  for  an  alkali-mctal 
atom. 

I’ACS  numbers:  32.80.Rm 


The  pholoionizalion  of  an  atom  represents  one  of  the 
most  elementary  collision  processes.  Pholoionization  of 
a  randomly  oriented  ensemble  of  atoms  is  characterized 
by  the  total  cross  section  c  and  the  asymmetry  parame¬ 
ter  p,  which  describes  the  angular  distribution  of  photo- 
electrons,  At  low  photon  energies  (wavelength  of  light 
much  iarger  than  the  size  of  the  atomic  target)  the  elec¬ 
tric  dipole  approximation  is  valid,  and  the  differential 
cross  section  for  photoionization  by  linearly  polarized 


light  is  given  by''^ 

•^-4^(l+/)(f)Fi(cos0)l,  (I) 

ff  n  Hit 

where  0  is  the  direction  of  the  pliotocicctron  with  respect 
to  the  clcctric-ficld  vector  of  the  incident  light,  and 
PiicosO)  is  the  second-order  Legendre  polynomial,  a 
and  /)  arc  dependent  upon  the  photoclcctron  energy  f 
and  the  bound  and  continuum  wave  functions  involved. 
For  LS  coupling  of  nonrclativistic  single-particle  wave 
functions,  p  is  given  by^ 


/(/-I)RI|  +  (/  +  I)(/  +  2)rVi  -6/(/  +  I)R 

i2l-\-\)llR,Lf  +  (l  +  \)R,\t] 

where  Ri-\  and  R  +  i  arc  the  radial  matrix  elements  be¬ 
tween  the  bound  and  continuum  wave  functions  for  the 
/-|  and  /  +  !  partial  waves,  respectively.  5“5/+i 
—  5/-1  is  the  difference  in  the  phase  shifts  for  the  two 
possible  continuum  functions.  The  important  point  in 
the  present  context  is  that,  for  photoionization  from  a 
pure  j  orbital  (/“O)  and  when  the  phase-shift  difference 
is  zero,  Eq,  (2)  predicts  that  p  is  independent  of  energy 
and  is  identically  equal  to  2.  It  has  been  shown,  howev¬ 
er,  that  deviations  from  this  expectation  may  result  when 
(a)  ani.sotropic  electron-ion  interactions  arc  important 
(c.g,,  pholoionization  from  open-shell  systems)’'*  or  (b) 
relativistic  (spin-orbit)  interactions  arc  appreciable.’"'^ 
Anisotropic  clcclron-ion  interactions  are  absent  for  pho- 
toionizalion  of  the  j  stales  of  alkali-mctal  atoms 
(closed-shell  core)  and  deviations  from  /)“2  thus  pro¬ 
vide  a  direct  lest  of  relativistic  interactions.  In  this 
Letter  we  report  pholoelcclron  angular  distributions  for 
resonantly  enhanced  ihrcc-pholon  ionization  (2+1)  of 
cesium  atoms  via  tlie  8r,  9s,  10^,  and  125  stales.  In  gen¬ 
eral,  multipholon  excitation  can  give  rise  to  aligned  (spa¬ 
tially  anisotropic)  target  stales  for  which  the  form  of  the 
differential  cross  section  is  more  complicated  than  that 


i/?/+iCos5 


given  in  Eq.  (1).  In  the  present  case,  excitation  of  an  ns 
stale  (7“  y  )  results  in  an  isotropic  target,  and  Eq.  (I)  is 
valid.  Values  of  p  arc  found  to  vary  from  + 1.2  for  the 
8j  state  to  -0.5  for  the  I2j  slate  which  we  attribute  to 
relativistic  (spin-orbit)  effects  in  the  pholoionization  con¬ 
tinuum. 

The  importance  of  spin-orbit  interactions  in  the  heavy 
alkali-mctal  atoms  has  been  recognized  for  many  years. 
In  1930,  Fermi”  showed  that  spin-orbit  interactions  arc 
responsible  for  the  anomalous  doubict-linc-strcngth  ra¬ 
tios  for  cesium.  Seaton'''  later  showed  that  inclusion  of 
spin-orbit  effects  can  result  in  nonzero  minima  in  the 
pholoionization  cross  sections  (the  so-called  Cooper 
minima”).  Fano'*  predicted  that  spin-orbit  effects 
would  result  in  emission  of  spin-polarized  electrons  when 
circularly  polarized  light  is  used  to  ionize  Cs  atoms.  Ex¬ 
perimental  observations  of  the  Fano  effect  soon  fol¬ 
lowed,'’"'’  and  it  was  shown  that  accurate  values  for  the 
position  of  the  Cooper  minimum  could  be  obtained  from 
the  spin-polarization  measurements.'’  Several  theoreti¬ 
cal  studies  have  addressed  the  effects  of  spin-orbit  in¬ 
teractions  on  pholoelcclron  angular  distributions,’'”  but 
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experimental  studies  have  been  sparse. 

Inclusion  of  relativistic  (spin-orbit)  clTects  results  in 
radial  matrix  elements  which  depend  upon  the  total  an¬ 
gular  momentum  if)  of  the  continuum  wave  function,  p 
for  an  s  state  then  becomes®'’''^ 


pM- 


2R}/2-^-4R\/iR}/2Cos[5)/2-5f/2) 

2Rh2  +  R\/2 


(3) 


It  has  been  shown®""'**  that  the  phase-shift  difference 
S}/2~5[/2  is  generally  close  to  zero.  Under  this  condition 
note  that  when  the  matrix  elements  R\/2  and  R}/2  are 
equal,  p  is  again  equal  to  2.  However,  the  two  matrix 
elements  go  to  zero  at  slightly  dilTcrent  energies.  In  the 
energy  region  where  the  two  matrix  elements  differ 
significantly,  p  is  expected  to  differ  from  2.  In  principle, 
p  can  have  values  between  2  and  —1.  A  number  of 
specific  eases  are  worth  noting:  when  /J^O; 

when  R|/2  “0,  /)'“1;  and  when  7?  1/2  “  ~R}i2>  P'°  ~  T  • 
Manson  and  Starace^®  have  reviewed  the  subject  of 
energy-dependent  photoelcctron  angular  distributions  for 
s  subshclls.  Deviations  from  /J“*2  have  been  observed  in 
only  a  few  cases.  Niehaus  and  Ruf"  measured  angular 
distributions  for  ionization  of  the  6s  electron  in  mercury. 
They  found  that  P  was  energy  dependent,  varying  from  2 
to  1.25.  More  recently,  several  experimental  and 
theoretical  groups  have  studied  the  5s— ^  (p  photoicniza- 
tion  of  xenon. Two  of  the  experiments^®'^’  suggest  a 
small  "dip"  in  /I  at  a  photon  energy  of  ~32  eV,  in  the 
region  of  the  Cooper  minimum.  Two  of  the  theoretical 
calculations include  relativistic  effects  but  only  con¬ 
sider  single-hole  ionization  channels  and  predict  a  much 
larger  decrease  in  p  from  the  value  2  than  is  found  ex¬ 
perimentally;  a  third  such  calculation^’  predicts  a  small¬ 
er  decrease  in  p  than  is  found  experimentally.  However, 
Tuikki"  has  recently  calculated  asymmetry  parameters 
which  arc  in  excellent  agreement  with  experiment. 
These  calculations  included  double-excitation  channels 
on  equal  fooling  with  the  important  single-excitation 
channels  using  the  multichannel  multiconfigurational 
Dir.ac-Fock  (MMCDF)  method.  Thus  in  this  ca,sc,  the 
relativistic  (spin-orbit)  effects  arc  obscured  by  the  effects 
of  multicleclron  excitation  which  arc  known  to  be 
present  from  studies  of  satellite  spectra  in  the  region  of 
the  Xc  5j  Cooper  minimum.^®' 

It  is  indeed  surprising  to  find  that,  to  our  knowledge, 
only  one  solitary  measurement  of  a  photoelcctron  angu¬ 
lar  distribution  exists  for  an  alkali-metal  s  state.  In  1931 
Chaffee^’  reported  p  of  approximately  2  for  photoioniza¬ 
tion  of  ground-stale  potassium  in  the  region  of  -^2400 
A,  although  he  did  detect  a  small  residual  signal  when 
the  light  polarization  was  perpendicular  to  the  electron 
detection  direction.  Samson has  performed  a  detailed 
analysis  of  these  data  and  concluded  that  p  was  equal  to 
1.55.  In  1979  Ong  and  Manson’®  reanalyzed  the 
Chaffee  data  to  obtain  /)“1.5±0.3.  In  order  to  more 
rigorously  probe  spin-orbit  cfl'ccls  in  the  pholoionization 


of  the  alkali  metals,  we  have  measured  photoelcctron  an¬ 
gular  distributions  for  several  ns  stales  of  cesium. 

Figure  1  shows  the  muitiphoton  ionization  scheme. 
The  pholoionization  cross  sections  versus  photoelcctron 
energy  recently  calculated  by  Lahiri  and  Manson^®  for 
the  8s  and  9s  states  arc  also  shown  for  illustration.  The 
positions  of  the  Cooper  minima  are  very  similar  for 
different  principal  quantum  numbers  including  the 
ground  state  (fl-6)  when  plotted  versus  photoelcctron 
energy.^®  The  energy  of  the  photoelcctron  in  the  contin¬ 
uum,  f,  is  determined  by  the  photon  energy  and  the  ion¬ 
ization  of  cesium,  6“3/»v-IP.  Inspection  of  Fig.  I 
shows  that  the  outgoing  electron  energies  arc  expected  to 
be  in  the  region  of  the  calculated  Cooper  minima. 

Experimentally,  an  Nd-doped  yttrium  aluminum 
garnet-pumped  tunable  dye  laser  (Quanta  Ray  DCR  II, 
PDL2)  is  used  to  excite  the  8s,  9s,  10s,  and  12s  states  of 
cesium  by  nonresonant  Iwo-pholon  excitation.  It  was  not 
possible  to  study  the  I  Is  stale  because  of  complications 
of  nearby  levels  (see  Ref.  35).  A  third  photon  from  the 
same  laser  beam  photoionizes  the  excited  atom.  Note 
that  the  two-photon  excitation  results  in  equal  popula¬ 
tions  of  the  mj  sublevels,  and  thus  the  excited  ns  stales 
arc  by  definition  randomly  oriented.  The  photoelcctron 
angular  distributions  arc  therefore  not  complicated  by 
alignment  of  the  intermediate  states.  The  endrgy  of  the 
photoelcctron  is  determined  by  its  time  of  Right  over  a 
7-cm  palli  and  is  delected  by  a  channcl-plnlc  charged- 
particle  detector.  The  angular  acceptance  of  the  detec¬ 
tion  .system  is  ±6.5°.  The  plane  of  polarization  of  the 
incident  light  is  rotated  with  a  double  Fresnel  rhomb 
which  is  controlled  by  a  stepping  motor.  Each  angular 
distribution  was  collected  by  averaging  100  laser  shots  at 
intervals  of  9°.  These  measurements  were  difficult  due 
to  the  small  pholoionization  cross  sections  for  the  ns  sub¬ 
shclls  of  cesium.  The  small  cro.ss  section  is  a  result 
of  a  Cooper  minimum  in  the  continuum,  which  of  course 
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FIG.  I.  Illiisiration  of  resonantly  enhanced  three-photon 
ionization  scheme  used  to  study  photoeleciron  angular  distribu¬ 
tions  for  ns  (/I  ”8- 1 2)  states  of  cesium.  Also  shown  arc  the 
theoretical  photoionization  cross  sections  vs  photoelcctron  ener¬ 
gy  f  of  Lahiri  and  Manson  (Ref.  34)  for  the  8s  and  9s  states. 
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makes  the  present  problem  interesting.  Several 
angular-distribution  measurements  were  averaged  for 
each  state  in  order  to  obtain  good  signal-to-noise  ratios. 
We  should  point  out  that  since  a  signal  is  only  observed 
when  the  laser  wavelength  is  in  two-photon  resonance 
with  an  ns  state,  the  contribution  due  to  photoionization 
of  dimers  should  be  close  to  zero.  Electron-energy 
analysis  also  assures  this  fact.  We  note  parenthetically 
that  the  results  of  ChalTee^^  were  probably  affected 
somewhat  by  pholoionization  dimers. 

Pholoelcclron  angular  distributions  for  pholoioniza¬ 
tion  of  ns  (/;“8-l2)  subshells  of  cesium  arc  shown  in 
Fig.  2.  The  asymmetry  parameters  for  each  angular  dis¬ 
tribution  arc  obtained  using  a  least-squares  method  to  fit 
the  experimental  data  by  the  equation  (.sec  t:q.  (1)1, 

/(P)“l+/?/’2(cos0).  •'  (4) 

Note  that  since  -!</?<  2  and  PiIcosO) “  r  (3cos^0 
-  1 ),  Eq.  (4)  gives  0:<  /  (t?)  :<  3.  The  P  values  thus  ob¬ 
tained  for  each  stale  arc  also  indicated  in  Fig.  2.  Identi¬ 
cal  p  values  arc  obtained  from  p’=iR—l)/{\+R/2), 
where  R  is  the  ratio  of  the  electron  signal  recorded  at 
0’“0°  to  that  at  0“90°.  The  linear  polarization  of  the 
laser  was  >  99.8%. 

Pindzola'^  has  calculated  p  parameters  using  the 
Dirac-Fock  approximation  in  order  to  obtain  the  radial- 
dipole  matrix  elements  used  in  Eq.  (3)  for  photoioniza- 
lion  from  the  6j,  Is,  and  8,f  subshclls  of  cesium.  When 
his  results  for  p  arc  plotted  versus  pholocicctron  energy, 
P  decreases  from  2  to  - 1  as  f  goes  from  0  to  -~2  eV. 


Polarization  Angle,  -tJ 

FIG.  2.  Photoclectron  angular  distributions  for  ns 
(/) ’■8,9, 10, 12)  stales  of  cesium.  Distributions  were  measured 
from  0  to  2;r:  however,  the  data  from  n  to  In  are  averaged  with 
that  from  0  to  ;r  and  shown  here.  Solid  lines  arc  best  fils  of 
data  by  Eq.  (4).  Error  bars  arc  I  standard  deviation  for  the 
average  of  several  angular  distributions.  The  errors  in  p  arc 
±  la  from  the  statistical  variance  of  fit. 


Our  mcasurcmciits  for  the  8^j  state  agree  exactly  with  jhc 
theoretical  value  calculated  using  the  velocity  form  of 
the  wave  function  but  is  ~15%  lower  than  that  calculat¬ 
ed  using  the  length  form. 

This  study  represents  the  first  measurements  of  photo¬ 
clectron  angular  distributions  for  excited  s  states  of  an 
alkali-metal  atom.  The  data  clearly  show  the  impor¬ 
tance  of  spin-orbit  effects  in  the  photoionization  continu¬ 
um  and  support  the  previous  theoretical  predictions^^  of 
a  Cooper  minimum  at  pholoelcclron  energies  just  above 
the  threshold  for  ionization.  Further  theoretical  calcula¬ 
tions  for  the  simple  case  of  pholoionization  of  s  subshclls 
of  alkali  metals  are  encouraged.  Experimentally,  our 
program  is  to  use  two  lasers,  one  to  pump  the  ns  stales 
and  the  second  to  photoionizc  the  ns  levels  at  dilTcrcnt 
energies  in  the  continuum.  Energy-dependent  p  parame¬ 
ters  for  an  isolated  ns  state  can  then  be  determined  as 
well  as  the  energy  dependence  of  the  pholoionization 
cross  section.  We  arc  also  in  the  process  of  performing 
experimental  measurements  on  one-photon  ionization  of 
ground  state  {6s)  cesium  atoms  in  order  to  obtain  aie) 
and  p{(). 
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Circular  dichroism  in  photoelectron  angular  distributions  (CDAD)  is  used  to  examine  the  align¬ 
ment  of  the  7P3/2  and  7P\n  levels  of  cesium,  prepared  by  absorption  of  linearly  polarized  laser  ra¬ 
diation.  As  expected,  the  7Pi/2  level  exhibits  no  CDAD,  whereas  the  IPm  level  shows  a 
significant  CDAD  signal,  although  smaller  than  that  predicted  by  theory.  The  difference  between 
experiment  and  theory  is  attributed  to  mj  mixing  due  to  hyperfine  coupling  during  the  finite  ion¬ 
ization  time  of  the  laser  pulse. 


INTRODUCTION 

In  this  Rapid  Communication,  we  report  an  experimen¬ 
tal  observation  of  circular  dichroism  in  angular  distribu¬ 
tions  (CDAD)  of  photoelectrons  ejected  from  an  atomic 
system.  Circular  dichroism  occurs  when  the  responses  of 
a  system  to  left  and  right  circularly  polarized  light  are 
different.  It  is  often  associated  with  the  discrete  (bound- 
bound)  absorption  of  molecules’’^  that  lack  a  plane  or 
point  of  symmetry  (i.e.,  they  have  a  chiral  center)  and  is 
most  commonly  observed  as  a  difference  in  the  indices  of 
refraction  for  left  and  right  circularly  polarized  light. 
Studies  of  circular  dichrosim  are  of  considerable  interest 
in  physics,  chemistry,  and  biology  because  of  the  frequent 
occurrence  of  chirality  in  molecules.  Bound-continuum 
absorption  has  also  been  predicted  to  exhibit  circular  di- 
chrosim,^"’  providing  insight  into  the  dynamics  of  photo¬ 
ionization  processes.  Circular  dichroic  effects  have  been 
predicted  for  angular  distributions  of  photoelectrons  eject¬ 
ed  from  optically  active*’’  and  oriented*  molecules.  More 
recently.  Dubs,  Dixit,  and  McKoy®"’”  have  proposed  that 
circular  dichroism  in  angular  distributions  can  be  used  to 
probe  the  alignment  of  atoms  and  molecules.  Alignment 
(or  orientation)  of  an  atom  or  molecule  frequently  results 
from  optical  excitation  using  linearly  (or  circularly)  po¬ 
larized  light.  A  convenient  way  of  studying  circular  di¬ 
chroism  in  angular  distributions  from  aligned  systems  is  to 
perform  a  two-color  resonance-enhanced  multiphoton  ion¬ 
ization  experiment  in  which  excitation  with  linearly  polar¬ 
ized  light  is  used  to  produce  an  aligned  intermediate  level, 
which  is  then  ionized  using  circularly  polarized  light.  The 
photoelectron  signal  is  measured  as  a  function  of  the  angle 
between  the  laser  polarization  used  in  the  excitation  step 
and  the  electron  collection  direction.  CDAD  is  then  the 
difference  between  photoelectron  angular  distributions  ob¬ 
tained  using  left  and  right  circularly  polarized  light  for 
the  ionization  step.  The  observed  CDAD  signal  contains 
information  about  the  alignment  of  the  system  under 
study.*”'® 

Three  recent  CDAD  experiments  have  been  reported 


for  molecular  systems.  Appling  et  al.  ’ '  used  CDAD  to 
probe  the  alignment  of  NO  molecules  excited  to  the 
state  by  linearly  polarized  light.  In  a  related 
CDAD  study,  Winniczek  et  al.  ”  probed  the  alignment  of 
ground-state  NO  molecules  produced  by  photodissocia¬ 
tion  of  CH3ONO.  CDAD  for  a  fixed  molecule  was  re¬ 
ported  by  Westphal  et  a/.,'*  who  measured  photoelectron 
angular  distributions  for  CO  molecules  adsorbed  on  a 
Pd(Ill)  crystal  (where  the  CO  is  oriented  with  the  C 
atom  pointing  toward  the  surface).  To  our  knowledge,  no 
experimental  observations  of  CDAD  for  an  atomic  system 
have  been  previously  reported. 

Two  groups have  reported  photoelectron  angular 
distributions  for  resonance-enhanced  two-photon  ioniza¬ 
tion  (1+1)  of  cesium  via  the  IP  mi  and  IP-ni  levels,  using 
linearly  polarized  light  for  both  the  excitation  and  ioniza¬ 
tion  steps.  In  general,  for  linearly  polarized  light,  a  two- 
photon  ionization  process  is  expected  to  yield  a  photoelec¬ 
tron  angular  distribution  of  the  form'* 

/(0)  “(or/4;r)Il  +^2F2(COS0)+/)4P4(COS0)]  ,  (1) 

where  a  is  the  total  two-photon  ionization  cross  section, 
P„  are  nth-order  Legendre  polynomials,  and  p„  are  the 
asymmetry  parameters.  The  p„  coefficients  are  deter¬ 
mined  by  the  radial  dipole  matrix  elements  involved  in  the 
excitation  and  ionization  transitions  and  thus  contain  de¬ 
tailed  information  about  the  photoionization  process,  in¬ 
cluding  the  alignment  of  the  intermediate  level.  If  the  in¬ 
termediate  level  is  not  aligned  (i.e.,  if  all  mj  states  are 
equally  populated),  only  terms  up  to  second  order  in  the 
Legendre  polynomial  expansion  will  contribute  to  the  an¬ 
gular  distribution.  In  the  case  of  (1+1)  ionization  of  cesi¬ 
um  v>a  the  7P|/2  level,  the  nij  =  ±  1/2  states  are  equally 
populated  by  absorption  of  the  linearly  polarized  light  and 
the  level  is  not  aligned.  For  the  IPyz  level,  however,  the 
|my|  =  l/2,3/2  states  are  unequally  populated  (only  the 
mj  =  ±  \ll  states  are  excited)  by  absorption  of  linearly 
polarized  light,  resulting  in  an  aligned  level.  It  is  expected 
therefore  that  higher-order  Legendre  polynomials  will 
contribute  to  the  photoelectron  angular  distribution  for 
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this  level.  Experimentally,  however,  it  is  found that 
the  angular  distributions  observed  depend  upon  the  laser- 
pulse  duration.  Using  a  long  pulse  length  («400  ns) 
flashlamp-pumped  dye  laser,  Kaminski,  Kessler,  and  Kol- 
lath'^'  reported  angular  distributions  for  the  lP\ii  and 
IPyi  levels  which  were  very  similar  and  adequately  de¬ 
scribed  by  Eq.  (1)  including  only  the  second-order  term, 
with  p2~  1.4.  Subsequently,  Compton  et  ai  measured 
angular  distributions  using  a  nitrogen-pumped  dye  laser 
with  a  shorter  pulse  duration  ( ?=  10  ns).  Their  results  for 
the  IP  Ml  level  agreed  well  with  the  results  of  Kaminski, 
Kessler,  and  Kollath,''*  with  Pi^  1.3.  However,  their  re¬ 
sults  for  the  IPyi  level  differed  remarkably  from  that  of 
Kaminski,  Kessler,  and  Kollath,''*  requiring  up  to  fourth- 
order  terms  to  fit  the  data,  with  Pi=‘l.56  and  64  =0.69.  It 
was  shown  theoretically'^  that  these  differences  could  be 
explained  by  including  the  effects  of  hyperfine  coupling, 
which  causes  a  reduction  in  the  alignment  of  the  level  dur¬ 
ing  the  finite  time  of  the  laser  pulse. 

In  a  vector  model,  hyperfine  coupling  results  from  the 
electronic  angular  momentum  vector  J,  processing  about 
the  total  angular  momentum  vector,  F=J  +  I,  where  I  is 
the  nuclear-spin  angular  momentum.  This  precession 
occurs  with  a  characteristic  time  of  the  order  h  divided  by 
the  hyperfine  level  separation.  When  the  bandwidth  of 
the  laser  used  for  excitation  is  greater  than  the  separations 
of  the  relevant  hyperfine  levels,  a  nonstationary  intermedi¬ 
ate  state  is  produced  which  is  a  superposition  (partially 
coherent)  of  hyperfine  levels.  The  time  evolution  of  this 
nonstationary  state  results  in  a  mixing  of  the  mj  states, 
which  reduces  the  initially  prepared  alignment.  Such 
effects  have  been  described  in  detail  by  Fano  and  Macek'^ 
and  Greene  and  Zare. The  nuclear-spin  angular  mo¬ 
mentum,  /,  of  cesium  is  lh/2  and  the  hyperfine  coupling 
time  is  of  the  order  of  a  few  nanoseconds.  The  alignment 
measured  experimentally  will  therefore  depend  upon  the 
duration  of  the  laser  pulse.  Varying  degrees  of  disalign¬ 
ment  thus  provides  an  explanation  for  the  differing  results 
of  Kaminski,  Kessler,  and  Kollath''*  and  Compton  et  al. 
for  the  angular  distribution  of  the  IPyi  level  of  cesium. 

In  this  paper,  we  present  CDAD  results  for  the  1Pm2 
and  lP}/2  levels  of  cesium,  using  a  Nd:YAG-pumped 
dye-laser  system  (YAG  denotes  ytrrium  aluminum  gar¬ 
net)  with  as  6-ns  pulse  duration.  Our  results  are  in  quali¬ 
tative  agreement  with  the  theoretical  predictions  of  Dubs, 
Dixit,  and  McKoy.’ Quantitative  differences  between 
experiment  and  theory  are  attributed  to  hyperfine  cou¬ 
pling  effects  during  the  laser-pulse  duration,  which  were 
not  included  in  the  theory. 

EXPERIMENT 

The  experimental  CDAD  measurements  were  per¬ 
formed  in  an  atomic  beam  apparatus  with  a  base  pressure 
as  10“’  Torr.  A  pulsed  Nd.YAG-pumped  dye  laser  sys¬ 
tem  (Quanta-Ray  DCR,PDL)  with  a  pulse  duration  of 
=  6  ns  provided  the  radiation  for  both  the  excitation  and 
ionization  steps.  The  output  of  the  dye  laser  was  linearly 
polarized  to  ^98'^c  (using  a  Gian  air  prism)  and  was 
tuned  to  either  the  651/2”*  '^Piii  or  65i/2”*  IP 4,2  transi¬ 
tion  of  atomic  cesium.  A  second  laser  beam  (532  nm. 


second  harmonic  of  the  Nd:YAG)  was  circularly  polar¬ 
ized  (using  a  quarter-wave  plate)  and  counterpropagated  ^ 
with  the  dye  laser  beam.  In  order  to  obtain  a  high  purity 
of  circular  polarization,  the  polarization  of  the  532-nm 
laser  beam  (which  was  linearly  polarized  at  the  laser  exit)  v 
was  further  purified  using  a  Gian  air  prism,  then  rotated 
with  a  double  Fresnel  rhomb  prior  to  entering  the 
quarter-wave  plate.  Right  (or  left)  circular  polarization 
was  obtained  by  rotating  the  input  polarization  45°  (or 
—45°)  relative  to  the  quarter-wave  plate  crystal  axis. 

The  two  counterpropagating  laser  beams  were  crossed  by 
a  collimated  effusive  beam  of  cesium  atoms  (oven  temper¬ 
ature  ■— 130°C)  in  the  center  of  a  time-of-flight  electron- 
energy  analyzer.  The  time  delay  between  the  two  laser 
pulses  could  be  varied  with  an  adjustable  optical  delay  line 
in  the  dye  laser  beam.  The  time  delay  was  set  such  that 
atoms  in  the  ionization  volume  experienced  the  full  time 
duration  of  both  laser  pulses  simultaneously. 

Photoelectrons  were  collected  at  right  angles  to  both  the 
laser  beams  and  the  cesium  beam  and  were  energy  ana¬ 
lyzed  by  time  of  flight  through  a  7-cm  drift  tube.  Stray 
magnetic  fields  were  reduced  to  a  value  below  1  mG  by  a 
//-metal  shield  lining  the  vacuum  chamber.  Electrons 
were  detected  with  a  dual  channel-plate  multiplier  (18- 
mm  diameter)  with  a  concentric-ring  anode  collector 
(inner  collector,  8-mm  diameter;  outer  collector,  18-mm 
diameter).  Data  were  obtained  with  the  inner  collector 
which  provided  a  geometric  acceptance  angle  of  ±2°. 

The  collector  output  signal  was  digitized  using  a  100- 
MHz  transient  digitizer  (DSP  Technologies  2001  A)  and 
transferred  via  a  CAMAC  (computer-automated  mea¬ 
surement  and  control)  interface  to  a  laboratory  computer 
(Compaq  Deskpro  286). 

Photoelectron  angular  distributiors  were  measured  by 
rotating  the  polarization  of  the  excita  >on  (dye)  laser  rela¬ 
tive  to  the  electron  collection  direction,  while  keeping  the 
polarization  of  the  532-nm  ionizing  laser  fixed.  Typically, 
photoelectron  signals  were  averaged  over  100  laser  shots 
and  collected  at  9°  intervals.  For  the  CDAD  measure¬ 
ments,  the  dye  laser  was  attenuated  using  neutral  density 
filters  in  order  to  minimize  the  one-color  (1+1)  ionization 
signal.  For  all  CDAD  measurements  reported  here,  the 
two-color  (1  + 1')  ionization  signal  was  >  100  times  that 
of  the  one-color  (l+l)  signal.  In  addition,  the  two  pro¬ 
cesses  could  be  distinguished  by  the  difference  in  electron 
flight  times  (a  difference  of  =30  ns  or  =0.39  eV).  In 
order  to  obtain  a  CDAD  signal,  angular  distributions  were 
recorded  for  both  left  and  right  circular  polarizations  of 
the  ionizing  laser. 

RESULTS  AND  DISCUSSION 

The  CDAD  signal  at  a  given  photoelectron  ejection  an¬ 
gle  (relative  to  the  polarization  direction  of  the  excitation 
laser)  is  defined’  as  the  difference  in  signals  obtained  for 
ionization  with  left  (//.)  and  right  (Ir)  circular  polariza¬ 
tions.  /ldad(9)  =//,(0)  ~///(0).  Experimental  angular 
distributions  for  the  IPm  level  of  cesium,  using  left  and 
right  circularly  polarized  light  for  ionization,  are  shown  in 
Fig.  1  (a).  As  described  above,  absorption  of  linearly  po¬ 
larized  light  by  ground-state  cesium  atoms  produces  equal 
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FIG.  1.  Photoelectron  angular  distributions  for  the  (a)  7 Pm 
and  (b)  IPm  levels  of  cesium,  using  left  (L)  and  right  (R)  cir¬ 
cularly  polarized  light  for  ionization.  Error  bars  represent  one 
standard  deviation  of  the  signal  averaged  over  several  hundred 
laser  shots. 


populations  of  the  wy  “  ±  1/2  states  of  the  7P\/2  level  and 
the  atom  is  therefore  (by  definition)  not  aligned.  As  ex¬ 
pected  for  a  system  which  is  not  aligned,  the  angular  dis¬ 
tributions  for  ionization  with  left  and  right  circularly  po¬ 
larized  light  are  found  to  be  identical  and  /cdad(0) 
equals  zero  at  all  angles  (i.e.,  there  is  no  circular  di- 
chroism).  This  result,  while  expected,  provided  confidence 
that  (i)  a  high  purity  of  circular  polarization  of  the  ioniza¬ 
tion  laser  was  maintained,  (ii)  spatial  overlap  of  the  two 
laser  beams  remained  constant  during  rotation  of  the 
excitation-beam  polarization,  and  (iii)  the  (1  +  1)  contri¬ 
bution  to  the  photoelectron  signal  was  negligible  com¬ 
pared  to  the  (1  + 1')  signal. 

A  similar  plot  of  angular  distributions  for  the  IPin  lev¬ 
el  is  shown  in  Fig.  1  (b).  In  this  case,  absorption  of  linear¬ 
ly  polarized  light  produces  an  aligned  atom  (the 
|mji’=3/2  and  [my]  =  1/2  states  are  not  equally  popu¬ 
lated)  and  the  angular  distributions  for  ionization  by  left 
and  right  circularly  polarized  light  are  clearly  different. 
Figure  2  shows  the  resulting  CDAD  signal,  which  has 
been  normalized  to  the  average  of  the  signals  at  0=0  and 
nil'. 
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Note  that,  by  symmetry,  hiO)  =1^(0)  =1(0)  at  0=0 
and  n/l.  Also  shown  in  Fig.  2  (solid  line)  are  the  theoreti¬ 
cal  CDAD  results  of  Dubs,  Dixit,  and  McKoy  ”  (using 
the  same  normalization  procedure)  for  ionization  with 
532-nm  light,  based  upon  the  theory  of  Ref.  9.  Qualita¬ 
tively,  the  experimental  results  are  consistent  with  the 
theoretical  predictions,  the  CDAD  signal  vanishes  at  0=0 
and  nil  and  has  a  characteristic  sin  (20)  angular  depen¬ 
dence.  However,  the  magnitude  of  the  experimental 
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FIG.  2.  Experimental  and  theoretical  CDAD  signals  for  the 
IPjn  level  of  cesium  (normalized  according  to  Eq.  (2)1.  (•)  ex¬ 
perimental  (error  bars  represent  one  standard  deviation  of  the 

signal  averaged  over  several  hundred  laser  shots);  ( - )  theory 

(Ref.  19)  (without  hyperfine  corrections);  (— )  theory  including 
hyperfine  corrections  (as  described  in  text). 


CDAD  signal  is  considerably  smaller  than  that  of  the 
theoretical  calculations.  Theoretically,  the  CDAD  inten¬ 
sity,  /cdad(0),  is  given  by 

/cDAD(0)-2fli/’/!(cos0),  (3) 

L 

where  P/l(cqs0)  are  associated  Legendre  polynomials 
and  a;.  =AlPl>  Here,  At  are  the  state  multipole  moments 
of  the  angular  momentum  distribution  (which  describe 
the  alignment  of  the  atom)  and  /?/,  describe  the  dynamics 
of  the  photoionization  event,  including  the  matrix  ele¬ 
ments  and  phase  shifts  of  the  continuum  partial  waves.’’'® 
For  one-photon  excitation  from  an  unaligned  ground 
state,  only  A  2  (the  quadrupole  moment  of  the  angular 
momentum  distribution)  contributes  to  the  alignment  of 
the  intermediate  level  and  Eq.  (3)  reduces  to 

/cdad(®)  “  f  •+2^2sin(20) .  (4) 

The  theoretical  result  of  Dubs,  Dixit,  and  McKoy*’  shown 
in  Fig.  2  (solid  line)  is  based  upon  Eq.  (4)  with  the  as¬ 
sumption  that  no  time  elapses  between  excitation  and  ion¬ 
ization  and  hence  the  alignment  (A2)  does  not  change.  In 
the  present  experiments,  as  much  as  »  6  ns  can  elapse  be¬ 
tween  excitation  and  ionization.  As  described  above  and 
discussed  by  Fano  and  Macek*’  and  Greene  and  Zare,'® 
the  presence  of  unresolved  hyperfine  levels  (which  are 
coherently  excited)  induces  a  time  dependence  in  the  mul¬ 
tipole  moments  of  the  electronic  angular  momentum  dis¬ 
tribution.  In  general,  the  hyperfine  coupling  reduces  the 
alignment  initially  produced  in  the  excitation  step.  In  the 
present  experiments,  the  bandwidth  of  the  excitation  laser 
is  greater  than  the  splitting  of  the  hyperfine  levels  of  the 
7P}/2  level  and  a  superposition  of  these  hyperfine  levels 
(F=5,  4,  3,  2)  is  excited.  A  decrease  in  alignment  caused 
by  hyperfine  coupling  may  therefore  affect  the  CDAD  re¬ 
sults. 
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In  order  to  quantitatively  estimate  the  effect  of 
hyperfine  coupling  on  the  CDAD  results,  the  time  depen¬ 
dence  of  A  2  was  calculated  using  the  theory  of  Fano  and 
Macek.'^’'*  In  the  actual  CDAD  experiment,  each  Cs 
atom  will  undergo  a  different  amount  of  depolarization 
depending  on  the  time  between  excitation  and  ionization, 
and  the  measured  alignment  will  be  a  convolution  of  the 
time  dependence  of  the  depolarization,  the  ionization  rate, 
and  the  laser  power  and  pulse  shape.  In  order  to  simplify 
the  calculation  considerably,  we  calculated  the  average 
value  of  A2  in  the  “long-time  limit,”'*  which  is  applicable 
when  ionization  occurs  over  a  time  period  which  is  much 
longer  than  the  time  of  precession  of  J  about  F.  In  this 
limit,  the  average  value  of  .^2  is  given  by'* 


(/l2(/)>=/f2(0) 


I 


F-2 


(2F+iy 

(2/+1) 


F  F  2 
J  J  I 


2 


(5) 


Evaluation  of  the  by-symbols  and  summation  over  F  yields 
(/! 2(1))  =“0.219/42(0).  Therefore  the  theoretical  CDAD 
results  of  Dubs,  Dixit,  and  McKoy,  which  were  calculat¬ 
ed  assuming  /42=/42(0),  were  multiplied  by  0.219  to  give 
the  dashed  curve  shown  in  Fig.  2.  As  can  be  seen,  the  in¬ 
clusion  of  hyperfine  depolarization  (even  in  the  approxi¬ 


mation  of  the  long-time  limit)  results  in  much  better,  al¬ 
though  not  statistically  perfect,  agreement  between  theory  « 
and  experiment.  The  remaining  discrepancy  is  not  supris¬ 
ing  in  view  of  the  fact  that  the  long-time  limit  used  to  ob¬ 
tain  Eq.  (5)  only  roughly  approximates  the  6-ns  laser  ^ 
pulse  duration  used  for  the  experiments. 

We  conclude  that  CDAD  is  indeed  a  sensitive  method 
for  measuring  the  alignment  of  atomic  systems  and  should 
be  a  useful  technique  in  many  areas  of  atomic  and  molec¬ 
ular  physics.  Further  experiments  are  planned  to  measure 
CDAD  in  the  absence  of  hyperfine  depolarization  using 
high-resolution  diode  lasers  to  excite  single  hyperfine  lev¬ 
els  of  heavy  atoms. 
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